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ABSTRACT 
There are many industrial applications, such as paper mills, locomotive traction and 
machine tools, which require high performance control of more than one electric motor at 
one time. These multi-motor drives are generally available in two configurations. The first 
one consists of a number of three-phase voltage source inverters (VSI) connected in parallel 
to a common DC link, each inverter feeding a three-phase AC motor. This configuration 
allows independent control of all machines by means of their own three-phase VSIs. 
Nevertheless, this configuration needs n number of voltage source inverters for supplying n 
number of AC machines. The second scheme comprises one inverter, which feeds multiple 
parallel-connected three-phase motors. However, the later configuration does not allow 
independent control of each motor and is suitable only for traction application. 
Thus for independent control of AC machines working in a group is possible by 
employing multi-phase (more than three-phase) motors, where their stator windings are 
connected in either series or parallel and the combination is supplied from a single multi-
phase voltage source inverter. Such configurations of multi-phase multi-motor drives have 
been investigated in the literature with potential applications in niche areas such as winder 
drive and ship propulsion etc. This thesis explores the control techniques of multi-phase VSI 
for feeding such specific series and parallel-connected multi-phase motor drives. 
The multi-phase multi-motor drive system fed using multi-phase inverter need 
precise PWM technique to independently control the drive system. The subject of this 
research is to investigate PWM techniques for such configurations. The thesis focuses on 
four different cases; five-phase, six-phase, seven-phase and nine-phase drive system. Five-
phase and six-phase drive systems consists of two motors, seven-phase drive system controls 
three motors and finally nine-phase drive comprises of four motors. The thesis presents 
various PWM techniques aimed at these drive configuration. The major aim of the control 
scheme is to generate the required number of frequency components in the output voltage 
waveform to independently control the fed machines in the group. Carrier-based, carrier-
based with harmonic injection, PWM scheme with offset addition, space vector PWM, time 
equivalent Space vector PWM and Artificial neural network based PWM techniques are 
presented in the thesis. The independence of control of various motors is shown by 
simulation and experimentation. Although, the proposed techniques are equally applicable to 
series-connected drives and parallel-connected drives, the thesis focuses on the former drive 
configurations. 
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machine tools, which require high performance control of more than one electric motor at 
one time. These multi-motor drives are generally available in two configurations. The first 
one consists of a number of three-phase voltage source inverters (VSI) connected in parallel 
to a common DC link, each inverter feeding a three-phase AC motor. This configuration 
allows independent control of all machines by means of their own three-phase VSIs. 
Nevertheless, this configuration needs n number of voltage source inverters for supplying n 
number of AC machines. The second scheme comprises one inverter, which feeds multiple 
parallel-connected three-phase motors. However, the later configuration does not allow 
independent control of each motor and is suitable only for traction application. 
Thus for independent control of AC machines working in a group is possible by 
employing multi-phase (more than three-phase) motors, where their stator windings are 
connected in either series or parallel and the combination is supplied from a single multi-
phase voltage source inverter. Such configurations of multi-phase multi-motor drives have 
been investigated in the literature with potential applications in niche areas such as winder 
drive and ship propulsion etc. This thesis explores the control techniques of multi-phase VSI 
for feeding such specific series and parallel-connected multi-phase motor drives. 
The multi-phase multi-motor drive system fed using multi-phase inverter need 
precise PWM technique to independently control the drive system. The subject of this 
research is to investigate PWM techniques for such configurations. The thesis focuses on 
four different cases; five-phase, six-phase, seven-phase and nine-phase drive system. Five-
phase and six-phase drive systems consists of two motors, seven-phase drive system controls 
three motors and finally nine-phase drive comprises of four motors. The thesis presents 
various PWM techniques aimed at these drive configuration. The major aim of the control 
scheme is to generate the required number of frequency components in the output voltage 
waveform to independently control the fed machines in the group. Carrier-based, carrier-
based with harmonic injection, PWM scheme with offset addition, space vector PWM, time 
equivalent Space vector PWM and Artificial neural network based PWM techniques are 
presented in the thesis. The independence of control of various motors is shown by 
simulation and experimentation. Although, the proposed techniques are equally applicable to 
series-connected drives and parallel-connected drives, the thesis focuses on the former drive 
configurations. 
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Chapter 1 
Introduction 
1.1 INTRODUCTION 
Inverter fed AC motor drive systems are increasingly used in the industrial 
environment for variable speed applications. With the advent of high speed semiconductor 
devices and high speed processors, it has become realizable to supply the AC motors with 
variable voltage at variable frequency at very high power levels. Thus the AC drives can be 
operated at variable speeds merely by changing the frequency of the input voltages to the 
motor along with the applied voltage. This family of AC drives employing a power 
electronic modulator with modem semiconductor devices, switched at high frequencies 
(switching frequencies), is termed as Adjustable Speed Drives (ASD) or Variable speed 
Drives (VFD). The basic scheme is shown in Fig. I.I. 
INVERTER 
VDC / 
THREE 
PHASE 
SUPPLY 
' LOAD 
CONVERTER 
CONTROLLER 
Fig. LI The schematic of the power electronic conversion system for IM drive (ASD) 
It involves a converter stage to process the supply voltages and currents to DC 
quantities. The front-end converter stage may be a simple rectification stage or a controlled 
rectification depending on the requirement. Nowadays, research is undergoing to use even 
multi-level rectifier system with bidirectional power flow capability. Then an inversion 
stage converts the DC voltage to variable voltage at variable frequencies, as demanded by 
speed of the motor. These two stages are connected by a DC-Link, which is generally a 
filter capacitor. In majority of applications the DC to AC inversion stage is a Voltage Source 
Inverter (VSl) as shown in Fig. 1.2. However, it can be a Current Source Inverter (CSI) as 
well, which is suited to high power applications. 
This two-level three-phase inverter consists of six semiconductor switching devices 
(IGBT or MOSFET), capable of being switched at high frequencies. The pole voltages 
>Mohd.ArifKhan Pagel 
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(voltage levels at the poles-A, B and C of inverter, (Fig. 1.2) can attain two distinct voltages 
(+VDC or zero), if the switches in the inverter legs are switched in the complementary 
manner, and so this configuration is termed as two-level VSI. As the output voltage can have 
only two levels, an averaging approach is adopted to generate the variable voltage at the 
output. The switching devices are switched at high frequency to realize the output voltage at 
the reference fundamental frequency as demanded by the controller. The other variant is the 
multi-level inverters such as neutral point clamped (NPC), flying capacitor (FLC), cascaded 
H-bridge (CHB), hybrid cascaded H-bridge (HCHB) and packed U cell (PUC) etc 
Rodriguez et al (2007). They are suitable for high power application for better quality output 
voltage and lower switch ratings. Since, the converter topology is not the subject of the 
thesis, this discussion is closed here. 
+0.5 Vdc 
-0.5 Vdc 
Load > 
1 
\5 
B 
Fig. 1.2: A two-level three-phase voltage source inverter 
The method of determining the widths and sequences of the pulses is termed as 
Pulse Width Modulation (PWM) and the inverters, which generate the variable + Vdc output 
voltage at variable frequency, are referred as PWM-VSI. These inverters produce pulsed 
output voltage waveforms, at the motor terminals, which contain fundamental component 
and harmonic components centered around the switching frequency. The research is in 
progress on using LC filter at the output of the inverter to eliminate unwanted PWM ripple 
and feed motor with clean sinusoidal voltages Guzinski (2008), Guzinski et al (2010). This 
is a good approach of eliminating the PWM ripples from the applied voltage, nevertheless, it 
adds to the cost and volume of the drive system. The PWM-VSI can have a passive front-
end rectifier as a conversion stage and the output voltage can be controlled by using suitable 
PWM control of the inverter. As the DC-Link provides an energy storage, decoupling the 
input rectifier and output inversion stage, AC drives based on PWM-VSI provide ride-
©MohdArifKiun Page 2 
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through capability against the utility supply transients. An inverter with IGBT (Insulated 
Gate Bipolar Transistor) devices, can switch at switching frequencies from 2-20 kHz with 
voltage blocking capabilities of 6000 V [Abu-Rub et al (2010)]. Higher switching 
frequencies lead to better output voltage and current waveforms, lower harmonic currents 
and faster dynamics, of course with increased switching losses. 
Even though switching the PWM-VSI fed ASD at higher frequencies results in 
improvement in the overall performance of the drive, it generates significant amount of 
conducted as well as radiated noise in the audio frequency range and also leads to more 
electromagnetic interference (EMI) problems. If the conducted noise reflects back into the 
utility supply, it can create problems to the other equipments connected on the supply lines. 
Special common mode chokes has to be inserted in to the supply lines to restrict the flow of 
conducted noise into supply mains [B. Wu, High (2006)]. On the motor side of the inverter, 
the steep rise times of the PWM pulses associated with IGBT along with the cable 
impedance between drive and the motor results in the voltage doubling effect at the motor 
terminals. These over voltages increase the stress on the insulation of the motor winding and 
may lead to detoriate the motor health. Additional LC filters, or inductors has to be 
incorporated in between the motor and drive terminals, to reduce the over voltages at the 
motor terminals [J. Guzinski et al (2010) and J. Guzinski (2008)]. These filters also limit the 
rate of rise of line to line voltage at the motor terminals. 
The above listed problems pose serious restrictions on the upper limits of the 
switching frequency used for PWM-VSI drives. Thus the task of reducing harmonic content 
in the output has to be addressed in a different way for inverter fed AC drives. This could be 
the use of other PWM techniques such as "Optimal Switching PWM" [Abu-rub et al (2010)] 
However, since the variable speed AC drives require a power electronic converter 
for their supply, the number of machine phases is essentially not restricted to three. This has 
led to an increase in the interest in multi-phase (more than three-phase) AC drive 
applications, especially in conjunction with traction, EV/HEVs and electric ship propulsion. 
Multi-phase machines offer several advantages over their three-phase counterpart. Some of 
the advantages are reducing the amplitude and increasing the frequency of torque pulsations, 
reducing the rotor current harmonics, reducing the current per phase without increasing the 
voltage per phase, lowering the dc link current hannonics, fault tolerance, reduced power 
switch rating etc. By increasing the number of phases it is also possible to increase the 
power/torque per rms ampere for the same volume machine. 
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Supply for a variable speed drive is invariably provided by a voltage source inverter 
(VSI). Control of three-phase VSls is nowadays, except in the highest power range, always 
based on pulse width modulation (PWM) schemes. A number of PWM techniques are 
available to control a two-level three-phase VSI. PWM techniques for multi-phase voltage 
source inverters are also originated from the concept of three-phase VSI. Detailed reviews 
on multi-phase machine are presented in G Singh (2002), Martin and Levi (2002), Levi et al 
(2006) and Levi (2008). The most widely used pulse width modulation PWM technique for 
three-phase inverters are the carrier-based sine-triangle PWM and the space vector PWM. 
These techniques have been extensively discussed in the literature in Homes and Lipo 
(2003), Kazamierkowski et al (2002). A number of PWM scheme for multi-phase VSI is 
also reported in the literature for single motor drive. However, the same is not true for 
multi-motor multi-phase drive system which is the subject of this thesis. Space vector PWM 
of five-phase voltage source inverter is presented in Iqbal and Levi (2006), Iqbal and Levi 
(2005) for single motor drive, Duran et al (2008), Duran (2009), De Silva et al (2004), Levi 
et al (2007), Dujic et al (2008). 
An additional possibility, opened up by the use of multi-phase machines, is 
independent control of a set of series-connected motors, supplied from a single VSI. The 
origins of the idea can be traced to Gataric (2000), where a five-phase two-motor drive was 
analyzed. The idea stems from the fact that any w-phase machine requires only two currents 
for independent flux and torque control or vector control. Thus, in a multi-phase machine 
there are additional degrees of freedom (in terms of more than only d-q components), which 
can be used to control other machines, provided that an appropriate phase transposition is 
introduced when connecting the machines in series [Jones (2005) PhD thesis and Iqbal 
(2006) PhD thesis]. 
The concept is applicable to all supply system phase numbers greater than or equal 
to five. Generalizations to all possible even and odd phase numbers have been reported in 
[Gopakumar et al (2004). Levi et al (2004)], where appropriate winding connections and the 
number of connectable machines as functions of the system phase number were 
investigated. Studies of Gataric (2000), Levi et al (2003), Levi et al (2004) apply to series 
connection of symmetrical multi-phase machines (spatial displacement between any two 
consecutive phases is Inln, where n is the number of phases) with sinusoidal flux spatial 
distribution. However, the concept of series connection can be extended to the asymmetrical 
machines as well, where stator winding consists of two or more three-phase windings 
shifted in space by an appropriate angle. A two-motor drive of this type, using asymmetrical 
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six-phase machines (with two three-phase windings spatially shifted by 30° has been 
considered in Gopakumar et a! (2004) and Levi et a! (2005). Apart from the series 
connection of multi-phase machine there is another possibility of parallel connection of 
motors supplied from one inverter [Jones et al (2009), Tsung (2009)]. 
In principle, there is a lot of flexibility available in choosing the proper PWM 
technique for multi-phase VSl supplying multi-phase machine connected either in series or 
in parallel. The major goal of the proposed research is to develop proper control algorithm 
of multi-phase VSl supplying series/parallel connected machines. The discussion will be 
focused on 5, 6, 7 and 9 phase voltage source inverter feeding multi-motor drive system. 
The investigation into the control of five-phase and six-phase VSl to provide two-frequency 
component voltages based on various PWM approaches will be carried out. The generation 
of three-frequency components at the output of the inverter will be dealt with in seven-phase 
case. The nine-phase VSl will generate four frequency components at their output to 
independently control four motors connected in either series or parallel. Modelling of six-
phascMnverter system (Both Symmetrical and asymmetrical configuration) will be done and 
appropriate control algorithm will be developed to control six-phase and three-phase 
machines. All the developed schemes will be simulated using MATLAB/SIMULINK 
software. Modelling of seven-phase and nine-phase VSl will also be developed and their 
control will be investigated. 
A modular DSP-based multi-phase VSl will be fabricated in the laboratory at the 
department of Electrical Engineering, AMU, Aligarh, India. Interfacing card will be 
designed and fabricated to allow communication between a PC and the VSIs. All the control 
. code will be written in C-programming language and the developed schemes will be 
practically validated. The PWM techniques will be implemented using DSP based multi-
phase inverter. The control scheme will be tested on static loads. 
1.2 WHY MULTI-PHASE MOTOR DRIVE? 
An obvious question arises, why the thesis topic is chosen on multi-phase motor 
drive when three-phase drive is being successfully used in industries for decades. The 
simple answer lies in the inherent advantages that a multi-phase drive offers compared to 
their three-phase counterpart. Some of the known advantages of multi-phase motor drives 
are [Moinuddin (2009)]:-
a. Reducing the amplitude of torque pulsation and increasing the frequency of torque 
pulsation in inverter fed multi-phase drive system when inverter is operating in 
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square wave mode. The frequency of torque pulsation is 2n*fundamental frequency, 
where n is the number of phases. Thus for instance in a Five-phase machine the 
torque pulsation occurs at 10 times the fundamental frequency while in three-phase 
case it is 6 times the fundamental. 
b. Higher efficiency compared to the three-phase counterpart. This is attributed to the 
fact that the stator excitation produces a field with lower space harmonic in case of 
multi-phase machine when compared to three-phase machines. 
c. Higher torque density in multi-phase machines compared to three-phase machines. 
The reason behind this is that apart from fundamental, higher current harmonic 
contribute towards the torque development in concentrated winding machines. For 
instance in case of a Five-phase machine, third harmonic along with the fundamental 
may be injected to enhance the torque production and similarly in case of a seven-
phase machine, 3'^ '' and S* harmonics may be utilised. Thus in general all lower 
harmonic lower than the phase number may be utilised effectively to enhance the 
torque production. This is a special characteristic of multi-phase machines and is not 
available in a three-phase machine. 
d. Greater fault tolerance than their three-phase counterpart and thus offer more reliable 
solution. If one phase of a three-phase gets open, the machine may continue to run 
but it requires special arrangement for starting (a divided dc bus with a neutral point) 
and the machine has to be heavily de-rated to avoid excessive heating. In contrast in 
case of Five-phase machine, the machine will start, accelerated, reject load transient 
and continue to run normally with minimal de-rating even with a loss of one phase. 
In case of a seven-phase machine unnoticeable change occurs even with a loss of up 
to two phases. This trend continues with higher phase number. Thus multi-phase 
machine drive is suited ideally for safety critical applications such as ship 
propulsion, air craft applications and defence and emergency services applications. 
e. Less volume to weight ratio. 
f Better noise and vibration characteristics, 
g. Lower dc link current harmonics, 
h. Reducing rotor current harmonics. 
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i. Reducing current per-phase without increasing voltage per-phase. This reduction in 
power per-phase translates into the reduction in the rating per converter leg. Thus the 
series/parallel combination of power semiconductor switches may be avoided and 
consequently avoiding the associated static and dynamic voltage sharing problems. 
This is one of the driving forces behind the accelerated use of multi-phase machines 
in high power drive applications. 
1.3 OBJECTIVES OF THE PROPOSED RESEARCH 
The present research is based on the development of mathematical model of multi-
phase voltage source inverters and exploring their control algorithm for the multi motor 
drive system. The principle set objectives of the proposed research are:-
i. To investigate the current state-of-the art in multi-phase motor drive 
research area by carrying out comprehensive literature review from available 
data bases. 
ii. To review the modelling procedure of a five-phase voltage source inverter 
using space vector concept. Both simulation and experimental means of 
investigation is proposed to be carried out and the new schemes are intended 
to be developed. 
iii. To investigate the operation of a five-phase voltage source inverter 
supplying series-connected/parallel-connected two motor drive system using 
existing schemes and the new schemes will be proposed. 
iv. To review the modelling procedure of a quasi-six phase voltage source 
inverter using space vector approach. 
V. To investigate the operation of a quasi-six phase voltage source inverter 
supplying series-connected two motor drive system using existing schemes 
and the new schemes will be proposed. 
vi. To develop space vector PWM for a seven-phase VSI with the objective to 
reduce and if possible eliminate the low-order harmonics in the output phase 
voltages. The analytical, simulation and experimental approaches are 
intended to be employed. 
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vii. To investigate the operation of a seven phase voltage source inverter 
supplying series-connected three-motor drive system using existing schemes 
and the new schemes are proposed. 
viii. To develop space vector model of a nine-phase voltage source inverter and 
operation with existing pulse width modulation schemes and the new 
schemes will be proposed. Simulation means of investigation is proposed to 
be carried out. 
1.4 ORGANISATION OF THE THESIS 
The complete thesis is organised into ten diflferent chapters. Chapter 1 starts with the 
introductory remark and provides a review of basic literature available on the specific topic 
of multi-phase motor drives. A question is raised as to why at all the proposed research is 
looking into the multi-phase motor drives and in support a number of existing advantages 
are highlighted. The objectives of the research are set and are discussed. 
Chapter 2 presents literature review in the multi-phase multi-motor drive control 
research. The aspect covered in the survey are; properties of multi-phase motors, modelling 
of multi-phase machines, control of adjustable speed multi-phase drives, control of multi-
phase inverters with references grouped into five-phase, six-phase, seven-phase and higher 
phase numbers. Recent research on multi-phase multi-motor drive systems is discussed. 
Chapter 3 is devoted to the modelling and control aspect of a five-phase voltage 
source inverter. Modelling using space vector theory is elaborated Existing control schemes 
such as carrier based PWM , offset addition based PWM, harmonic injection based PWM 
and space vector based PWM schemes are reviewed and then time equivalent space vector 
PWM (TESVPWM) and Artificial neural network based PWM (ANN) schemes arc 
proposed. The analytical finding is supported by simulation results at each stage. Finally 
experimental set up is discussed and experimental results are provided for validating the 
concept. 
Chapter 4 illustrates the five-phase voltage source inverter supplying five-phase 
series connected two motor drive system. Existing PWM schemes are reviewed and the new 
schemes are proposed for the system. The Simulink models for the proposed schemes are 
formed and the analytical finding and experimental investigations with the results are 
discussed. 
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Chapter 5 considers a six-phase voltage source inverter producing quasi six-phase 
output voltages to supply a quasi six-phase machine. Such machines have two three-phase 
windings on the stator, spatially displaced by 30° (often referred to as dual three-phase or 
split phase machine). The operation of quasi-six phase inverter is investigated with existing 
PWM schemes and new schemes are proposed. The performance of the inverter in terms of 
their harmonic content is evaluated using simulation and experimentations. Since multi-
phase drive is mainly meant to cater the need of very high power applications in the range of 
MWatts. In such high power application, too much switching losses may not be affordable. 
Thus improving THD is a prime requirement for such drive system. 
Chapter 6 illustrates the six-phase voltage source inverter producing quasi-six phase 
output voltage for supplying quasi-six phase series connected two motor drive system. 
Inverter control method using carrier based schemes and offset addition schemes are 
elaborated. New schemes based on TESVPWM and ANN are proposed and their 
mathematical analysis, simulation results and the experimental results are discussed. 
Chapter 7 is dedicated to the modelling and control of a seven-phase VSI. The model 
thus obtained is transformed using decoupling transformation matrix into three two 
dimensional sub-spaces. Modelling and control of seven-phase voltage source inverter 
supplying single motor drive system using existing PWM schemes are reviewed and 
discussed. New schemes are proposed with the mathematical analysis. Analytical, 
simulation and experimental results are provided. 
Chapter 8 develops PWM schemes for a seven-phase voltage source inverter 
supplying seven phase series connected three motor drive system. Two space vector PWM 
schemes are developed followed by the development of a scheme to eliminate all the 
undesired lower order harmonics. This scheme generates sinusoidal output which only 
contains harmonics at the multiple of switching frequency. Simulation results are provided 
in the chapter. 
Chapter 9 is dedicated to the modelling and control of a nine-phase VSI. The model 
obtained in natural variable is transformed using decoupling transformation matrix into four 
two dimensional sub-spaces. Modelling and control of nine-phase voltage source inverter 
supplying single motor drive system using existing PWM schemes are reviewed and 
discussed. New schemes are proposed with the mathematical analysis. Analytical and 
simulation approaches are used. 
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Chapter 10 Is the final chapter, and provides a summary of the thesis and the sahent 
points from each chapter. Conclusions are made as to the viability of the series-connected 
multi-phase multi-motor drive and areas that require further research efforts are suggested. 
Finally references used in different chapters of thesis are given and the list of 
publications out of this thesis is provided. 
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Chapter 2 
Literature Review 
2.1 INTRODUCTION 
Since the beginning of last century electrical power has been generated, transmitted 
and distributed using three phases. As a consequence the induction machines and all other 
AC machines were developed as three-phase devices. Initially fixed speed drives were used 
in major applications such as pumps. Later on it was realized that the variable speed motor 
drives offer higher efficiency when compared to the fixed speed drives. Several methods 
were developed to vary the motor speed. The basic principle of variable speed drives lies in 
generating the variable voltage and variable frequency supply to feed the motors. Hence 
most variable speed induction motor drives are constructed by combining a three-phase 
motor with a three-phase inverter. While the number of phases feeding the input converter 
is governed by the utility supply (three phase), the inverter can be constructed to have as 
many output phases as desired. In theory, AC motors may be constructed with any number 
of phases. Motors with phase numbers greater than the traditional three possess certain 
advantages over their three-phase counterpart [Levi (2008)]. This thesis explores the 
modulation techniques of multi-phase (more than three phases) voltage source inverter 
feeding multi-phase AC machines. Thus the literature review is focused on the work related 
to the multi-phase motor drive system. The first section discusses the advantages of the 
multi-phase motor drives compared to their three-phase counterpart. This is followed by 
modelling and control issues of multi-phase motor drives. 
2.2 ADVANTAGES OF MULTI-PHASE MACHINES 
Early interest in multi-phase machines was caused by the need to reduce torque 
pulsations developed by inverter-fed three-phase drives. The first investigation into the use 
of a multi-phase machine within a variable speed electric drive was carried out by Ward and 
Harer (1969), when a five-phase induction motor, supplied from a five-phase ten-step 
voltage source inverter VSI was considered. It was found that the amplitude of the torque 
pulsation was reduced by a third and the frequency of pulsation was shifted to the higher 
values. This significantly reduces the filter requirement in a five-phase drive system and 
offer smoother torque. However, the improvement was at the cost of severe distortion of the 
supply currents, this was due to the square wave mode of operation of the five-phase 
inverter supplying the five-phase induction machine. Pavithran et al (1988) solved this 
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problem by employing a pulse-width-modulated PWM VSI instead of operating the inverter 
in square wave mode. 
A six-phase induction machine (composed of two three-phase windings with isolated 
neutral points and shifted by 30 degrees in space and often called dual three phase) was 
originally introduced because of the smoother torque. The supply may be coming from a 
six-phase VSI [Abbas et al (1984), Hadiouche et al (2000), Grochowalski (2000), Monti et 
al (1995), Xu and Ye (1995), Nelson and Krause (1974), Abbas and Christen (1984)1 or 
from a six-phase current source inverter (CSI) [Gopakumar et al (1984), Andresen and 
Bieniek (1980), Andresen and Bieniek (1981)]. With the advent of the PWM era the need to 
reduce the torque ripple by using multi-phase machines has become less important in the 
low to medium power range. However, this advantage is still applicable in the high power 
range where the current limitations of semiconductor devices restrict the use of PWM [Xu 
and Ye (1995)]. 
Multi-phase drives possess some other important advantages compared to a three-
phase motor drive. First of all, multi-phase machines offer significant advantages in high 
power applications. For the given motor power an increase in the number of phases enables 
reduction of the power per phase, which translates into a reduction of the power per inverter 
leg (that is, a semiconductor rating). Multi-phase machines are therefore often considered 
and applied in very high power applications. A six-phase (double star) 850 kW 6-pole field 
oriented controlled drive was developed by Camillis et al (2001) for use in an extruder pump 
in a polyethylene plant. In order to reduce the losses obtained when a 1400 kW permanent 
magnet synchronous generator is wound with a three-phase stator, a quasi nine-phase 
configuration is employed in Veen et al (1997). The nine-phase configuration is formed 
using three three-phase windings, supplied from three three-phase inverters. Zdenek (1986) 
describes a six-phase 25 MW synchronous motor drive for use in a turbo-compressor set. 
Steiner et al (2000) developed a special configuration of a nine-phase (triple star) induction 
motor drive for application in high power traction vehicles. A high power six-phase (double 
star) induction motor drive used in Adtranz locomotives is analysed by Mantero et al (1999). 
Other high power applications of multi-phase machines include a traction application of a 
two-level GTO inverter feeding a six-phase (double star) induction motor [Monti et al 
(1995)]. For use in automotive applications. Miller et al (2001) investigate the use of pole 
phase modulation (PPM) to allow extension of the constant power range of a nine-phase 
toroidal induction machine for an integrated starter-generator application. A five-phase 
permanent magnet 5 kW motor with square wave current excitation (BDCM) was developed 
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for propulsion purposes in an electric vehicle by Chan et al (1994) because it possesses high 
power density, high efficiency and superior dynamic performance. 
The ability of multi-phase drives to operate under fault conditions is the main reason 
for their use in safety critical applications such as locomotive traction [Steiner et al (2000), 
Mantero et al (1999)] and 'more electric aircraft' [Mitcham and Cullen (2002)]. A general 
multi-phase machine allows application of the parallel redundancy concept [Jahns (1980)] 
since it has n separate input terminals and continues to operate when only («-l) terminals or 
less are supplied. If one phase is open circuited, three-phase drives require a neutral line 
connected between the motor and the DC midpoint in order to allow the current in the 
remaining phases to be controlled to provide a rotating mmf. In multi-phase machines there 
exist additional degrees of freedom as a result of there being more phases. Thus the current 
combination required to produce a rotating mmf during fault conditions is no longer unique 
[Fuand Lipo (1994)]. Typical fault studies in motor drives suggest that short circuit and 
open circuit are the most significant fault conditions and they are classified as most 
commonly occurring faults. Jahns (1980) studied VSl and Current Source Inverter fed 
machines for both types of fault conditions. It was found for the open circuit case that in 
VSl fed drives the drive compensates for the loss of current in one phase by increasing the 
current amplitudes in the remaining exited phases. However, in the CSl fed case the current 
excitation does not permit the current in the remaining excited phases to change from the 
balanced excited values and so the performance of the machine was more seriously 
degraded. For the case where a six-phase machine was fed by a VSl the developed torque 
decreased by 10% and a 20% decrease was recorded for the case when the machine was fed 
via a CSI. It was shown by Jahns (1980) that the performance of the machine under fault 
conditions improved as the number of phases was increased. By controlling the remaining 
currents in multi-phase drives using a current regulated PWM inverter, it is possible to start 
and run the drive with loss of a phase (open circuited) without any reduction in torque [Fu 
and Lipo (1994), Toliyat (1998)]. The current required in the remaining phases was found 
by Fu and Lipo (1994) to decrease as the number of phases originally supplying the machine 
was increased. High power drives are particularly vulnerable to failures due to their high 
component count, which reduces the drive's mean-time-between failures [Jahns (1980)]. An 
increase in the number of phases supplying the machine results in a reduction in the power 
per phase compared to an equivalent three-phase machine. This means that the need for 
parallel or series stack switches in high power drives may not exist anymore [Williamson 
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and Smith (2001)], resulting in a lower component coum and a less complex inverter 
structure. Thus improved reliability is anticipated for high power applications. 
A potential benefit of multi-phase machines is that with an increase in the number of 
phases an increased torque per ampere for the same volume machine may be achieved 
[Toliyat et al (1998), Weh and Schroder (1985), Toliyat and Lipo (1994)]. Increased torque 
production can be achieved in multi-phase machines by virtue of higher harmonics other 
than the fundamental contributing towards torque production [Lyra and Lipo (2001), Xu et 
al (2001), Toliyat et al (1991), Kestelyn et al (2002), Hodge et al (2002)]. This is so since a 
three-phase machine can utilise only the fundamental component to develop torque, while a 
five-phase machine can utilise both the fundamental and the third harmonic components. 
By extension a seven-phase machine can be controlled to utilise the first, third and fifth 
harmonics for torque production [Xu et al (2001), Toliyat et al (1991)], while in a nine-
phase machine it is possible to use injection of the third, the fifth and the seventh current 
harmonics [Coates et al (2001)]. This advantage stems from the fact that vector control of 
the machines' flux and torque, produced by the interaction of the ftindamental field 
component and the fundamental stator current component, requires only two stator currents 
(d-q current components). In a multi-phase machine, with at least five phases or more, there 
are therefore additional degrees of freedom, which can be utilised to enhance the torque 
production through injection of higher order current harmonics. This is so since injection of 
any" specific current harmonic requires again two current components, similar to the 
torque/flux production due to fundamental harmonic. In general, the possibility for an 
increase in torque density increases with the number of phases by injecting higher order 
harmonics in addition to the fundamental in concentrated type of multi-phase machines. 
However, it appears that once when the number of phases reaches 15, further increase does 
not provide any further important advantage [Hodge et al (2002)]. It was reported by Xu et 
al (2001) that a 10% increase in torque is possible for a five-phase induction machine with 
concentrated windings. A synchronous reluctance machine with concentrated windings was 
investigated by Toliyat et al (1998), Toliyat et al (1992), Xu and Fu (2002), Shi et al (2001a) 
and a 10% increase in torque was reported. The research carried out thus far has not been 
confined to only five-phase machines. Lyra and Lipo (2001) considered a six-phase (double 
star) machine. The machine was reported to increase torque production by up to 40% 
compared to the equivalent three-phase machine. It was reported that the improvement in 
torque is due to two factors. First, by injecting the third harmonic current there is a 
reduction in the peak flux density of the air gap flux and so additional torque can be gained 
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by increasing the fundamental flux component without saturating the machine. Secondly, 
the rotating field created by the third harmonic currents generates a small increase in torque. 
Torque enhancement is recently reported for a seven-phase induction machine by injecting 
third and fifth harmonic components of current in addition to the fundamental [Kestelyn et 
al (2010)]. 
Further advantages of multi-phase machines over the three-phase counterpart include 
reduction in stator and rotor losses [Williamson and Smith (2001)] and a reduction in 
vibration and noise generated by the machine [Golubev and Ignatenko (2000)]. Recent 
surveys [Singh (2002), Jones and Uvi (2002), Levi (2006) and Levi (2008)] indicate an 
increasing interest in multi-phase machines within the scientific community. It has to be 
noted that some of the advantages of the multi-phase machines, which exist in the case of a 
single multi-phase motor drive, will not be applicable in the investigated multi-motor multi-
phase drive system. For example, torque density cannot be enhanced in the manner 
previously discussed, since the existing degrees of freedom are to be used to control other 
machines in the group. Similarly, fault tolerance will be substantially reduced since all the 
available degrees of freedom are to be utilised for control of the machines in the system. 
Nevertheless, the thesis developed the control strategies of multi-phase voltage source 
inverter supplying multi-phase multi-motor drive system. 
2.3 MODELLING OF MULTI-PHASE MACHINES 
Modelling of multi-phase machine is an interesting topic which has attracted the 
attention of researchers for long. The general «-phase machine model is presented way back 
in first half of the 20* century by White and Woodson (1959). A general /^phase decoupling 
transformation matrix is presented which is applicable to any odd or even phase number 
machines. With standard assumptions for a sinusoidal field distribution machine, a set of n 
equations are produced by applying decoupling (Clarke's) transformation matrix. The first 
a- P pair is identical to the corresponding pair of equations for a three-phase machine. 
The last equation (odd phase number) and last two equations (even phase number) represent 
zero sequence components, same as three-phase machine. The remaining («-i) sets (odd 
phase number) and {n-4) sets (even phase number) are extra components which are termed 
as x-y or non-torque producing components. These components are limited by leakage 
impedance only similar to the zero sequence components, thus will generate significant 
current distortion unless restricted by proper PWM control. The stator a- fi component 
interacts with rotor a- /3 component to produce the working torque. The stator and rotor x-
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y components are localised and they do not interact with each other or with stater to rotor or 
rotor to stator. Thus these pairs of components do not take part in production of torque in a 
machine. They produce distortion in currents. Since coupling between stator and rotor 
appears after decoupling transformation only in a-p equations of the multi-phase 
machine, it is only this set of equation that have to be transformed further, using rotational 
transformation. The form of this transformation is the same as for the corresponding three-
phase machine. The resulting final d-q model in the common reference frame contains d-q 
and torque equations identical to that of a three-phase machine. Thus same vector control 
principle is thus applied to a multi-phase machine as that of a three-phase machine. 
In case of a quasi six-phase machine the transformation matrix depends on the 
neutral connection. If there is only one neutral point then the transformation matrix is 
identical to that of the symmetrical machine. In case of a multi-phase machine of even 
numbers with p isolated neutral points the total number of equations reduces to {n-p) after 
decoupling transformation since zero sequence components Cannot flow in any of the star 
connected p windings. 
The literature related to modelling of multi-phase machine are available in several 
papers and some of them are cited in [Golubev and Zykov (2003), Pereira et al (2004a), 
Pereira et al (2004b), Pereira et al (2006), Kestelyn et al (2002), Mokhtari et al (2004), 
Semail et al (2003), Hadiouche et al (2000), Nelson and Krause (1974), Lipo (1980), Contin 
et al (2006), Razik et al (2005), Wang et al (2006), Figueroa et al (2006) ,Scharlau et al 
(2008)]. 
The phase variable and d-q model of a concentrated winding machine is different 
compared to distributed winding machine. The inductance terms with fundamental and 
higher harmonics have to be included in contrast to the distributed winding machine where 
only fundamental component of inductance is considered. Application of decoupling 
transformation matrix results in (n-/) equations for odd and {n-2) equations for even phase 
number machine. An appropriate rotational transformation matrix is now applied to all the 
equations and the final d-q model contains {n-I) equations of the form valid for d-q 
equations of a three-phase machine. Torque equation has now, in addition to the components 
due to fundamental stator current, (w-i) new equations, each of which is due to the 
interaction of a certain stator current harmonic and the corresponding spatial harmonic of the 
field. 
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2.4 CONTROL OF ADJUSTABLE SPEED MULTI-PHASE DR[VE 
Variable speed control of ac drive is achieved by scalar or vector based control 
schemes. V/f is the most popular scalar control scheme which is of now little interest due to 
availability of cheap high performance drive. The vector control principle of sinusoidally 
distributed stator winding multi-phase machine is identical to that of a three-phase machine 
as demonstrated by [Iqbal et al (2003), Iqbal et al (2006), Bojoi et al (2002), Bojoi et al 
(2003), Bojoi et al (2005), Bojoi et al (2006), Hou et al (2003), Sudhoff et al (1997), 
Vukosavic et al (2005), Hua et al (2006)]. The only difference is that the coordinate 
transformation has to produce M-phase current references for current control in stationary 
reference frame and w-phase voltage references for current control in rotational reference 
frame. For current control is stationary reference frame (o-/) stationary current controllers 
are required. Either phase currents or phase cuirent components are controlled using ramp-
comparison closed-loop current control scheme. For current control in rotational reference 
frame in principle only two current controllers are required since only two current 
components are required for torque production. However, since «-phase machine has n-1 
independent currents, using only two current controllers is not sufficient in practice as 
asypimetries in the windings or supply may lead to detuned operation of the vector 
controller. Thus four current controllers are normally employed to control a quasi six-phase 
machine. 
The vector control principle of a concentrated winding machine is different from a 
distributed winding machine. This difference is attributed to the low order harmonic current 
which are injected for torque enhancement. The injected low order harmonic currents arc 
firmly tied to the fundamental in terms of magnitude, phase and frequency. The modification 
is done for the calculation of references of low order harmonics and the calculation of 
rotational transformation. In such vector control schemes n-I current controllers have to be 
used. 
2.5 MODELLING AND CONTROL OF MULTI-PHASE VSl 
The general theory of rotating machines, applied in analyses of three-phase machines, 
is also adequate for analysing multi-phase machines [White and Woodson (1959)]. The 
machines are modelled as a set of magnetically coupled coils. The flux linkage terms differ 
depending on the type of machine and the construction of the stator windings. For example, 
a six-phase stator can be constructed either with windings 60 degrees apart (true six-phase) 
or as in double star machines with two three-phase windings displaced by 30 degrees. 
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Mathematical models have been developed for many different types of multi-phase 
machines both for the steady-state and the dynamic case. Transformation of machine 
equations from phase variable to d-q form is performed using either real or complex variable 
transformations. For example, d-q axis models for five-phase induction machines and 
synchronous reluctance machines are available in Ward and HSrer (1969) and Toliyat et al 
(1992), respectively. Abbas et al (1984) modelled a double star induction machine, while 
the generalised case of a six-phase induction machine with an arbitrary displacement 
between the two sets of three-phase windings is given in Hadiouche et al (2000), 
Grochowalski (2000), Nelson and Krause (1974). Transformation of the phase variable 
model of multi-phase machines results in two components (d-q) contributing to torque and 
flux production, and n-2 components which do not contribute to torque production under the 
condition of sinusoidal mmf distribution [Klingshim (1983), Zhao and Lipo (1995)]. Multi-
phase machines can be modelled by considering an «-dimensional approach to the space 
vector theory [Gataric (2000), Lipo (1984), Zhao and Lipo (1995), Kestelyn et al (2002)]. 
This method allows an «-phase machine to be modelled in n-dimensional space. Kestelyn et 
al (2002) demonstrated that a multi-phase machine is equivalent to a group of machines 
having smaller phase numbers and shows that a five-phase concentrated winding permanent 
magnet synchronous machine can be represented as a group of two two-phase and a single 
one-phase machine. Each phase of the machine is supplied by its own inverter (requiring 20 
switches in total). It is on the basis of these transformed models that the methods of vector 
control for multi-phase machines are developed. 
The well-known field oriented control (FOC) method, used to achieve high 
performance control of three-phase machines, can be extended to multi-phase machines. It 
has.been shown by Nelson and Krause (1974) and Toliyat (1998) that multi-phase machine 
models can be transformed into a system of decoupled equations in orthogonal reference 
frames. The d-q axis reference frame currents contribute towards torque and flux production 
due to the fundamental of the mmf, whereas the remaining x-y components plus the zero 
sequence component(s) do not. This allows a simple extension of the rotor flux FOC 
principle in which the rotor flux linkage is maintained entirely in the d-axis, resulting in the 
q-axis component of rotor flux being maintained at zero. The electromagnetic torque 
equation is therefore reduced to the same form as that of a DC machine or a rotor flux 
oriented three-phase machine. Thus the electromagnetic torque and the rotor flux can be 
controlled independently by controlling the d and q components of stator current 
independently. Toliyat et al (2000) carried out the development of a vector control scheme 
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for a five-phase synchronous reluctance machine. The strategy investigated was an indirect 
rotor flux oriented control technique using a space vector PWM strategy. Coates et al 
(2001) constructed a nine-phase four pole 5 kW synchronous reluctance drive under rotor 
flux oriented vector control. Rotor flux oriented control has been investigated for a five-
phase induction and synchronous reluctance machine including third harmonic current 
injection by Xu et al (2001) and Shi et al (2001a), respectively, thus controlling both the 
fundamental and the third harmonic and resulting in a high performance drive with an 
increased torque. The other control method recently developed for high performance three-
phase drives, direct torque control (DTC), is starting to be looked at in conjunction widi 
multi-phase drives as well [Shi et al (2001b), Toliyat and Xu (2000)]. Shi et al (2001b) 
proposed DTC of a five-phase synchronous reluctance machine, while Toliyat and Xu 
(2000) analysed DTC of a five-phase induction machine. 
The most frequently discussed multi-phase machines are either with five phases 
[Toliyat et al (1993), Favre et al (1993), Toliyat and Xu (2000), Levi (2008)] or with six 
phases (double star) [Gopakumar et al (1993), Zhao and Lipo (1995), Petrov (1998), Lipo 
(1980), Fortuna and Palazzoli (1999)] (inclusive of those previously menfioned). One 
example of a seven-phase machine is given by Weh and Schroder (1985), while a nine-phase 
drive (with the winding composed of three three-phase windings) is discussed by Veen et al 
(1997) and Steiner et al (2000). Not surprisingly, a multi-phase induction motor is most 
frequently considered although multi-phase drives with permanent magnet synchronous 
machines, brushless DC machines, wound rotor synchronous motors and synchronous 
reluctance motors have all been described in literature [Levi (2008)]. 
It is recognised that the PWM of multi-phase inverters generate undesirable low order 
harmonics due to the presence of x-y components. This can be easily avoided by extending 
the carrier-based PWM scheme of three-phase VSIs to multi-phase VSls. However, the dc 
bus utilisation is poor in carrier-based PWM and third harmonic injection and zero sequence 
signal injection is employed to improve the dc bus utilisation in three-phase VSIs [Holmes 
and Lipo (2003)]. The techniques of harmonic injection and offset addition is extended for 
multi-phase VSIs by Kelly et al (2001), Ojo and Dong (2005), Iqbal et al (2006) and 
Moinuddin and Iqbal (2007). It is shown that the gain in dc bus utilisation reduces with 
increasing phase number. The maximum fundamental obtainable with 3^** harmonic injection 
is 15.47% in a three-phase VSl, with 5* harmonic injection it is 5.15% in a five-phase VSI 
and with 7* harmonic injection it is merely 2.57% for a seven-phase VSl and so on. 
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In quasi six-phase machines with isolated neutral points supplied by two three-phase 
VSIs, the same approach of harmonic injection is employed by Bojoi et al (2002) and Siala 
et al (2003). In this approach two sets of 3"* harmonics are injected in the leg references of 
the two inverters and are termed here as double zero sequence injection scheme. Two three-
phase inverters are controlled independently by two three-phase identical modulators 
employing the injection of two three-phase zero sequence waveforms. The linear modulation 
is extended to 15.47% as in case of a three-phase machine. The main attraction of carrier-
based PWM method is ease of their implementation especially in high phase numbers such 
as 15-phase inverters, as the number of space vector in this case would be 32768. Thus 
implementation of space vector PWM would be highly complex. Carrier-based PWM is also 
used by Takami and Matsumoto (1993) to control a nine-phase machine with three isolated 
neutral point. An optimum pulse pattern is generated which yield better harmonic 
performance compared to conventional carrier-based PWM. 
Carrier-based PWM scheme is also implemented successfully by Iqbal et al (2006) 
for controlling two series-connected five-phase machines supplied by a single voltage source 
inverter. The single VSI supplying series-connected multi-phase machines require to 
generate multi frequency output with different phase, magnitude and frequency. It is 
possible to utilise the advantage of harmonic injection in such applications as well as 
demonstrated by Iqbal et al (2006). 
Space vector PWM techniques for multi-phase VSIs has gained popularity in recent 
years and a number of published work is available in the literature [Toliyat et al (1993), 
Toliyat et al (2000), Zhao and Lipo (1995), Duran and Levi (2006), Iqbal and Levi (2006a), 
Dujic et al (2007), Iqbal and Levi (2006b), Gopakumar et al (1993), Kelly et al (2003), 
Hadiouche et al (2003), Ryu et al (2005), Casadei et al (2005), Correa et al (2003), Bakhshai 
et al (1997), De Silva et al (2004), Iqbal and Levi (2005), Kestelyn et al (2004), Delame et 
al (2003), Oriti et al (1997), Kianinezhad et al (2005), Semail and Rombaut (2003), Xue et 
al (2006), Dahono (2006a), Dahono (2006b), Ojo et al (2006), Marouani et al (2006), 
Oleschuk et al (2006), Xue and Wen (2005), Fedrico et al (2009), Tsung (2009), Jones et al 
(2009), Anees Mohd. et al (2009), Lopez et al (2009), Kaushik (2009), Rossiter (2009)]. A 
comprehensive space vector model of a five-phase is presented in Iqbal et al (2006) and 
space vector model of a seven-phase VSI is presented in Moinuddin and Iqbal (2007) which 
suggest that that the number of available space vectors map into planes. These planes 
2 
correspond to a-P and x-y pairs of components. Harmonics of order 2kn±\, (A = 0,1,2,....) map 
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into the first a-p plane, while all the other harmonics map into the other (^-3) planes. For 
2 
instance, for a five-phase VSI, harmonics of the order I0A±1, (A = 0,1,2,;...) map into the a-P 
plane and \0k±3, (jfc = 0,l,2,....) map into the x -y plane. In case of a seven-phase VSI, 
14Jt±l, (it = 0,1,2,....) map into a-P plane and {\4k±5), A =0,1,2,... map into first x-y plane 
and {\4k±2), /t = 0,1,2,... map into the second x-y plane. These extra components are limited 
by machine leakage impedance hence they should be removed using PWM techniques. 
The use of only largest length space vectors to implement SVPWM is derived from 
the concept of space vector PWM of three-phase VSI. The same approach is used by Toliyat 
et al (2000), Xu et al (2002) and Shi and Toliyat (2002) for s five-phase VSI where they 
have used only ten large length vectors. This method is seen to generate low order harmonic 
components. A method was devised by Sllva et al (2004) to generate sinusoidal output 
voltages. They have used four active vectors and one zero vector to implement SVPWM for 
a five-phase VSI. An alternative approach was proposed by Iqbal and Levi (2006) to 
generate sinusoidal output. The basic requirement for producing sinusoidal output is to use 
(n-1) active vectors along with one zero vector in one switching period to generate 
sinusoidal output as demonstrated by Kelly et al (2003). A number of SVPWM methods are 
available in the literature for six-phase VSI for both symmetrical and asymmetrical 
configurations. The first proposal for a quasi six-phase VSI is proposed by Zhao and Lipo 
(1995) where vector space decomposition technique is used. The complete set of space 
vectors are decomposed into three .sets of orthogonal planes. The four neighbouring active 
and one zero vector is selected and dwell time of each switch is formulated in such a way to 
suppress the low order harmonics. A comprehensive relationship between the space vector 
PWM and carrier-based PWM as applied to five-phase VSI is presented in Iqbal and 
Moinuddin (2009). It is shown that there exist explicit relationship between these two 
popular and commonly employed PWM schemes. 
Another control technique called 'Model predictive control (MPC)' is gaining 
attention for application to multi-phase drive system. Although, MPC is generally applied 
for process control, their application to power electronics and drives is being recently 
explored [Rodriguez (2009)]. It is assumed that MPC will play a key role in effective control 
of power electronic converters and electric drives. However, their application to multi-phase 
drive system is also being considered recently [Iqbal et al (2009)]. 
Fedrico et al (2009) proposes one step modulation predictive current control method 
for the asymmetrical dual three-phase induction machine. The proposed current control 
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algorithm uses a predictive horizon of one sampling period. Based on the use of predictive 
model the control algorithm determines the switching state which minimizes the errors 
between predictive and reference state variables. 
The space vector PWM of a symmetrical six-phase is reported by Correa et al (2003) 
and.Dujic et al (2006). One specific feature of SVPWM for inverter with an even number of 
phases is that it possible to eliminate the instantaneous common mode voltage. One 
important difference between three-phase and multi-phase VSI is that the dc bus utilisation 
is poor in case of multi-phase inverters due to application of large and medium space 
vectors. 
Space vector PWM for multi-phase inverters is inherently a multi dimensional 
problem as recognised by Duran and Levi (2006). A SVPWM for a five-phase VSI is 
developed for feeding two series-connected five-phase machines. However, the practical 
realisation of such problem is a tedious job. Vector space decomposition technique is a 
simple way of realising the SVPWM using equivalent two dimensional sub spaces. 
The alternative to multi-phase VSI is the multi-level inverters, although the output is 
only three phases but the output voltage level is more than two and such inverters are 
suitable for driving high power loads. The control techniques of such inverters are once 
again carrier-based PWM and space vector PWM. However, the number of available space 
vectors is more compared to corresponding two level inverters, thus offering more control 
flexibility. A comprehensive comparison between carrier based and SVPWM for three-level 
inverter is presented by Wang (2002). The three-level SVPWM equivalent can be realised 
by carrier-based PWM using harmonic injection, while three-level sine triangle PWM can be 
realised by electing proper dwell time. 
The machine type is irrelevant in the context of the concept of the multi-machine 
system developed here and the research described in this thesis applies equally to multi-
phase induction, synchronous reluctance, permanent magnet and wound rotor synchronous 
machines. The only requirements are that the supply is current controlled, since vector 
control will be ultimately applied and that the machine can be regarded as having sinusoidal 
distributed windings. 
Anees Mohd. et al (2009) proposed a new space vector PWM for n level multi phase 
voltage source inverter by which two level inverters are translated to the switching vectors 
of the multilevel inverter by adding the centre of the subhexagon to the two level inverter. 
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• Lopez et al (2009) proposes a SVPWM scheme for multilevel multi-phase inverter 
using switching state redundancy which permits to achieve different goals like extending the 
modulation index and reduce the nun:»ber of switching. 
Kaushik et al (2009) proposes PWM scheme for minimising the rms torque ripple in 
inverter fed induction motor drive subject to a given average switching frequency of the 
inverter. This is a combination of optimal continuous and discontinuous modulation. The 
proposed method reduces the torque ripple by about 30% of the rated speed compared to 
conventional SVPWM. 
Tsung (2009) proposes dual modulator compensation PWM technique for parallel 
connected three-phase inverter using space vector modulation. The magnitude and phase 
angle of three-phase inverter can be adjusted to control power sharing. This paper provides 
detailed analysis of the zero sequence circulating current and proposes novel dual modulator 
compensation technique for eliminating the zero sequence circulating current caused by the 
power sharing control system. 
Jones et al (2009) analysed the parallel connected multi-phase multi-drive system with 
single inverter supply. This shows that it eliminate the shortcoming of the series 
arrangement, with the subsequent development concentrating on the two motor five-phase 
drive system. It is shown that parallel connected multi-motor multi drive represents 
advanced example of well known analogy between series and parallel connection. However, 
parallel connection suffers from a number of serious shortcomings that will prevent its 
application in industry. 
A literature review, provided in this chapter, has surveyed the state of the art in all 
the areas relevant for the research undertaken in the thesis. The advantages of multi-phase 
machines over their three-phase counterpart were highlighted and the methods for a multi-
phase drive control were surveyed. 
This research aims to develop a multi-phase multi-machine drive Uiat allows for 
independent high performance control of each machine in the set, while using a single multi-
phase inverter as the supply. In order to explain the concept of this system, mathematical 
modelling of an «-phase machine is elaborated next. 
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Chapter 3 
Five-Phase Voltage Source Inverter-Modelling and 
Control for single motor Drive 
3.1 INTRODUCTION: 
Control of three-phase VSls is nowadays, except in the highest power range, always 
based on pulse width modulation (PWM) schemes. A number of PWM techniques are 
available to control a two-level three-phase VSI. The most widely used pulse width 
modulation technique for three-phase inverters are the carrier-based sine-triangle PWM 
(SPWM) and the space vector PWM (SVPWM). These techniques have been extensively 
discussed in the literature. The same does not apply to multi-phase VSls, since there are few 
application specific PWM techniques available. Conventional Space vector PWM for a five-
phase VSI is available in the literature Levi et al (2007) and Levi (2008). 
The SPWM schemes are more flexible and simpler to implement, but the maximum 
peak of the fundamental component in the output voltage is limited to 50% of the DC link 
voltage Levi (2008) and the extension of the SPWM scheme in the over modulation is 
difficult. For two level inverter a SVPWM like performance can be obtained with a SPWM 
scheme by adding a common mode voltage of suitable magnitude, to the sinusoidal 
reference phase voltage. A modulation scheme is presented in Zhou and Wang (2002), 
where a fixed common mode voltage is added to the reference phasor throughout the 
modulation range. It has been shown in Gopakumar et al (2003) that this common mode 
addition will not result in a SVPWM like performance, as it will not centre the middle 
inverter vectors in a sampling interval. The common mode voltage to be added in the 
reference phase voltages is a function of modulation index. The similar scheme for a five-
phase VSI is presented in Chin and Yang (2004) where the offset addition resulted in an 
increase in the output voltage to 5.15% compared to the carrier-based PWM. Thus the 
output obtainable with offset addition is same as that of SVPWM. 
The proposed SVPWM scheme does not involve checks for the sector identification, 
and lookup tables, for switching vector determination. Thus the scheme is computationally 
efficient when compared to the conventional SVPWM scheme and making it simpler for real 
time implementation. 
This chapter is devoted to the modelling and control of a five-phase voltage source 
inverter for single-motor drive system. The inverter is assumed to feed a five-phase ac 
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machine. The model is developed on the space vector approach. The space vector model 
obtained is decomposed into the two orthogonal sub-spaces namely d-q and x-y. This is 
owing to the fact that a five-phase system is dealt herewith and thus there exist two 
orthogonal planes and one plane corresponds to the zero sequence component. The zero 
sequence components are further neglected as isolated neutral star-connected load is 
assumed. The space vector model suggest 32 space vectors out of which 30 are active and 
two zero. These vectors are further used to develop different modulation strategies. At first 
simple carrier-based PWM scheme is discussed which is based on the comparison of high 
frequency triangular carrier-wave and the sinusoidal modulation signals. The concept of 
harmonic injection is employed to enhance the output voltage from the inverter. This is 
followed by the review of the existing space vector PWM technique employed for single 
motor drive system. A new proposal is given for the voltage modulation of five-phase 
voltage source inverter. The proposed modulation is the extension of the concept employed 
in three-phase voltage source inverters. The proposed modulation is extremely simple in real 
time implementation when compared to the existing space vector PWM. This is followed by 
the development of space vector PWM using artificial neural network. The complete 
simulation model is also provided using Matlab/Simulink. The chapter analyses both the 
simulation and experimental results. 
3.2 MODELING OF FIVE-PHASE VOLTAGE SOURCE INVERTER 
Power circuit topology of a five-phase VSI is shown in Fig. 3.1. The inverter input 
DC voltage is regarded as being constant. The load is taken as star-connected and the 
inverter output phase voltages are denoted in Fig. I with lower case symbol (a,b,c,d,e), while 
the leg voltages have symbols in capital letters (A,B,C,D,E). The model of five-phase VSI is 
developed in space vector form in Duran et al (2008), assuming an ideal commutation and 
zero forward voltage drop. A brief review is presented here. 
There are ten switching devices and only five of them are independent, as the 
operation of two power switches of the same leg is complimentary. The combination of 
these five switching states gives out thirty two (32) space voltage vectors. Out of thirty two 
space vectors thirty are active vectors and two zero vectors. At any instant of time, the 
inverter can produce only one space vector. 
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0.5V<,c» 
Fig.3.1 Power circuit of a Five-phase voltage source inverter 
The relationship between the machine's phase-to-neutral voltages and inverter leg voltages 
are given with 
Vo = (4/5)v^ - (l/SXvfl + V(: + v„ + v^-) 
V» = (4/5)v« - (l/SXv^ + V(- + Vo + V,; ) 
Vc ^ (4/5K- -0/5Xvx + v/, + v/j + V;.) (3.1) 
Vj = (4/5)vfl -O/SXv^ +V„ +Vc + V,;) 
V. = (4/5)vi- -(l/SXv^ +v„+ V(. + v„) 
where the inverter leg voltages take the value of ± 0.5 Woe. As noted, lower case letters in 
indices define phase-to-neutral voltages. The magnitude and phase angle of vectors in d-q 
and x-y are listed in Table 1. 
Space vector of phase voltages defined, using power variant transformation, as given in 
Arahal and Duran (2009) 
2 2 *2 * 
5 
(3.2) 
where a = exp(j27t/5), op = expQAiOS), a* = exp(-j27i/5), g*^ = exp(-j47i/5) and * stands for 
a complex conjugate. The phase voltage space vectors thus obtained in d-q plane are shown 
in Fig. 3.2. Since it is a five-phase system, transformation is further done to obtain space 
vectors in x-y plane using (3.3) and the resulting space vectors are shown in Fig. 3.3. 
2 2 4 6 8 
5 
(3.3) 
It can be seen from Fig. 3.2 that the outer decagon space vectors of the d-q plane 
map into the inner decagon of the x-y plane (Fig. 3.3), the innermost decagon of d-q plane 
forms the outer decagon of the x-y plane, while the middle decagon space vectors map into 
the same region. Further, it is observed from the above mapping that the phase sequence 
a,b,c,d,e of the d-q plane corresponds to a,c,e,6,</sequence ofih^x-y plane. 
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Table!. Magnitude and angle of the vectors in d-q and x-y axis 
Decimal 
values 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
Equivalent 
binary no. 
00000 
00001 
00010 
00011 
00100 
OOIOI 
00110 
00111 
01000 
01001 
01010 
01011 
OliOO 
01101 
O H I O 
01111 
10000 
10001 
10010 
10011 
10100 
10101 
iOllO 
lOllI 
11000 
11001 
IIOIO 
11011 
11100 
inoi 
11110 
mil 
d-q axis 
Magnitude 
(P.u.) 
0 
0.4 
0.4 
0.6472 
0.4 
0.2472 
0.6472 
0.6472 
0.4 
0.2472 
0.2472 
0.2472 
0.6472 
0.2472 
0.6472 
0.4 
0.4 
0.6472 
0.2472 
0.6472 
0.2472 
0.2472 
0.2472 
0.4 
0.6472 
0.6472 
0.2472 
0.4 
0.6472 
0.4 
0.4 
0 
Angle 
(degree) 
0 
-72 
-144 
-108 
144 
-144 
180 
-144 
72 
0 
144 
-108 
108 
108 
144 
180 
0 
-36 
-72 
-72 
72 
-36 
ISO 
-108 
36 
0 
36 
-36 
72 
36 
108 
135 
x-y axis 
Magnitude 
(p.u.) 
0 
0.4 
0.4 
0.2472 
0.4 
0.6472 
0.2472 
0.2472 
0.4 
0.6472 
0.6472 
0.6472 
0.2472 
0.6472 
0.2472 
0.4 
0.4 
0.2472 
0.6472 
0.2472 
0.6472 
0.6472 
0.6472 
0.4 
0.2472 
0.2472 
0.6472 
0.4 
0.2472 
0.4 
0.4 
0 
Angle 
(degree) 
0 
-144 
72 
144 
-72 
-108 
0 
-108 
144 
180 
108 
144 
-144 
-144 
108 
180 
0 
-72 
36 
36 
-36 
-72 
0 
-36 
72 
180 
72 
108 
-36 
-108 
36 
90 
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Fig. 3.2 Phase voltage space vector d-q plane t'ig. 3.3 Phase voltage space vectors in x-y plane 
3.3 PULSE WIDTH MODULATION TECHNIQUES OF A FIVE-PHASE VSI 
Pulse Width modulation technique is the most basic method of energy processing in 
power electronic converters. The purpose here is to control the inverter to generate the 
variable voltage and variable frequency voltages/currents. This section describes the PWM 
techniques employed for controlling a five-phase voltage source inverter. The basic 
underlying principle of PWM techniques remains the same as that of three-phase voltage 
source inverter. Purpose here is to generate the five-phase sinusoidal output voltage. For this 
purpose different existing pulse width modulation techniques and newly proposed 
techniques are; 
Exist ins PWM Techniques 
1. Carrier based sinusoidal PWM 
2. Fifth harmonic injection based pulse width modulation scheme 
3. Offset addition based pulse width modulation scheme 
4. Space vector pulse width modulation scheme 
Proposed PWM Techniques 
5. Time equivalent space vector pulse width modulation (TESVPWM) scheme 
6. Artificial neural network based space vector pulse width modulation. 
3.3.1 CARRIER BASED SINUSOIDAL PULSE WIDTH MODULATION SCHEME 
Carrier-based sinusoidal PWM is the most popular and widely uised PWM technique 
because of their simple implementation in both analogue and digital realisation Iqbal et al 
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(2006). The principle of carrier-based PWM true for a three-phase VSI is also applicable to 
a multi-phase VSI. The PWM signal is generated by comparing a sinusoidal modulating 
signal with a triangular (double edge) or a saw-tooth (single edge) carrier signal. The 
frequency of the carrier is normally kept much higher compared to the modulating signal. 
Principle of operation of a carrier-based PWM modulator is shown in Fig. 3.4 and 
generation of PWM waveform is illustrated in Fig. 3.5. Modulation signals are obtained 
using five fundamental sinusoidal signals (displaced in time bya = ITTIS ), which are summed 
with an appropriate zero-sequence signal. These modulation signals are compared with high 
frequency carrier signal (saw-tooth or triangular shape) and all five switching functions for 
inverter legs are obtained directly. In general, modulation signal can be expressed as: 
v,(/) = v;(/) + v,„,(/) (3.4) 
where i = a,b,c,d,e and v,„v represents zero-sequence signal and v' are fundamental 
sinusoidal signals. Zero-sequence signal represents a degree of freedom that exits in the 
structure of a carrier-based modulator and it is used to modify modulation signal waveforms 
and thus to obtain different modulation schemes. Continuous PWM schemes, analyzed in 
this paper, are characterized by presence of switching activity in each of the inverter legs 
over the carrier signal period, as long as peak value of the modulation signal does not exceed 
the carrier magnitude. 
The following relationship hold true in Fig. 3.5; 
where 
/.. = ' l - + ''.. I'. 
/.:=i^-v. 1/ 
(3.5a) 
(3.5b) 
(3.5c) 
where /,; and /,; are the positive and negative pulse widths in the n"' sampling interval, 
respectively and v„ is the normalised amplitude of modulation signal. The normalization is 
done with respect to^^,,. Equation (3.5) is referred as the Equal volt-second principle as 
applied to a three-phase inverter Ward and Harer (1969). The normalised peak value of the 
triangular carrier wave is ±0.5 in linear region of operation. Modulator gain has the unity 
value while operating in the linear region and peak value of inverter output fundamental 
voltage is equal to the peak value of the fundamental sinusoidal signal. Thus the maximum 
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output phase voltages from a five-phase VSI are limited to 0.5 p.u. This is also evident in 
Iqbal et al (2006). Thus the output phase voltage from a three-phase and a five-phase VSI 
are same when utilising carrier-based PWM, Blasko (1997), Hava et al (1998). 
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Fig. 3.4 Principle of carrier-based PWM technique 
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Fig. 3.5 PWM waveform generation in Carrier-based Sinusoidal method 
Matlab/Simulink model is developed and the simulation results are illustrated in Fig. 3.6. 
The dc link voltage is kept unity so that the results are in per unit. The switching frequency 
is kept 5 kHz. The fundamental frequency is kept 50 Hz. The output voltage is 0.5 p.u. 
(typically it the same value as that of three-phase VSI). 
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0.5 
•°(? 02 
I o'.02 0.03 0.04 0.05 0.06 0.07 O.C 0.08 
Time (s) 
Frequency(Hz) 0.025 0.03 0.035 Time(sec) 
(a) Filtered output voltage (b) harmonic spectrum phase 'a' voltage 
Fig. 3.6 Simulation results of the carrier based PWM scheme 
3.3.2 HARMONIC INJECTION BASED PULSE WIDTH MODULATION SCHEME 
The effect of addition of harmonic with reverse polarity in any signal is to reduce the 
peak of the reference signal. Aim here is to bring the amplitude of the reference as low as 
possible, so that the reference can then be pushed to make it equal to the carrier, resulting in 
the higher output voltage and better dc bus utilisation. Using this principle, third harmonic 
injection PWM scheme is used in a three-phase VSI which results in increase in the 
fundamental output voltage to 0.575 K/c Iqbal et al (2006). Third harmonic voltages do not 
appear in the output phase voltages and are restricted to the leg voltages only. Following the 
same principle, fifth harmonic injection PWM scheme is used to increase the modulation 
index of a five-phase VSI Duran et al (2008), Arahal and Duran (2009). 
The reference leg voltages are given as 
V*o = 0.5M,F^^  cos(fiv) + 0.5^^5 ,^/,. cos{5col) 
V^ = 0.5A/|F^^ cos{o)t - 2;r / 5) + O.SM^V^^ cos(5fiv) 
V*o •= 0.5A/| Vj^ cos{o)l - 4;r / 5) + Q.SM^ Vj^ cos(5fiv) 
V^o = 0.5A/,Frf^  cos{(Ol + 4;r/5) + O.SM^Vj, cos(5fiv) 
V*o = 0.5M|F c^ cos(a>/ + 2;r/5) + O.SMsVj^ cos{5cot) 
It is to be noted that fifth-harmonic has no effect on the value of the reference 
waveform when a)t=(2k + \)7r/l0, since cos(5(2/t + i);r/io)=o for all odd k. Thus Ms is 
chosen to make the peak magnitude of the reference of (3.6) occur where the fifth-harmonic 
is zero. This ensures the ma.ximum possible value of the fundamental component. The 
reference voltage reaches a maximum when 
(3.6) 
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dv. 0.5MiV,,,. s\ncot-0.5-5MiVj,. sinScot =0 
dt 
this yields 
sin(;r/10) , 
Thus the maximum modulation index can be determined from 
fao\ = 
The above equation gives 
1 
; iov cot = nI\0 A/,= 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
cos(;r/10) 
Thus the output fundamental voltage is increased by 5.15% higher than the value 
obtainable using simple carrier-based PWM by injecting 6.18% fifth-hantionic in 
fundamental. The fifth-harmonic is in opposite phase to that of the fundamental. The 
simulation conditions are kept same as section 3.3.1 and the resulting waveforms are as 
shown in Fig. 3.7. 
0.02 
I I i I I 
0.03 0.04 005 0.06 
Time (s) 
0.07 0.08 
0.03 
Time (sec) ^°Frequency(Hz)'° 10' 
(a) Filtered output voltage (b) harmonic spectrum phase 'a' voltage 
Fig. 3.7 Simulation results of the harmonic injection based PWM scheme 
3.3.3 OFFSET ADDITION BASED PULSE WIDTH MODULATION SCHEME 
Another way of increasing the modulation index is to add an offset voltage to the 
references. The offset voltage addition is effectively adding 3n harmonic. This will 
effectively do the same function as above. The offset voltage is given as 
V + F . 
max mm oilesi (3.11) 
where v^ =max(v„,v ,^v ,v,,vj and v^ „ =min(v„,Vj,v ,»•,,,»•,.). Note that this is the same as for 
a three-phase inverter. 
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In case of three-phase VSI the offset voltage is simply third harmonic triangular 
wave of 25% magnitude of fundamental. This has been shown in literature (25% value 
explicitly appears in Kazmierkowski (2002). The peak of the fundamental is 0.575 p.u., 
(0.406 p.u. rms), the peak of the resultant modulating signal is 0.5 p.u. (0.353 p.u. rms) and 
the peak of the offset is 0.147 p.u. (0.104 p.u. rms). Hence offset peak is 25% of the 
fundamental peak. 
In a five-phase VSI the offset is found as the fifth harmonic triangular wave of 
9.55% of the fundamental input reference. This value has been established by simulations. 
Offset addition requires only addition operation and hence is suitable for practical 
implementation. 
Ojo and Dong (2005) has given a generalised fontiula of offset voltage, which is to 
be injected along with the fundamental in case of five-phase VSI. The expression is 
p;„,=-0.5528(F^,-J/^„)+3/5(l-2//)F,,./2-3/5(l-2//)(^:.,,-K,„„) where V^ is the 
maximum of the five-phase references, f^ „|„ is the minimum of the five-phase references and 
ju is the factor which decides the placement of the two zero vector states. If it is 0.5 then the 
two zero states are placed equally and this corresponds to symmetrical zero vector 
placement. 
It is important to note that not only the 5"' harmonic, but all the additional 5^ (k = 
1,3,5...) harmonics as well, are included in the modulation signal in this technique. 
Maximum modulation index has the same value as in the previous case, M/m = 1.0515. The 
simulation results are as shown in Fig. 3.8. 
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0.04 £ lo' 
I I I 1 I 
0.03 0.04 0.05 0.06 0.07 0.08 
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10 10-
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(b) liarmdnic spectrum phase "a" voliage 
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Fig. 3.8 Simulation results of the offset addition based PWM scheme 
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14 SPACE VECTOR PULSE WIDTH MODULATION SCHEME 
Space vector pulse width modulation has become one of the most popular PWM 
techniques because of its easier digital implementation and better dc bus utilisation, when 
compared to the ramp-comparison sinusoidal PWM method. The principle of SVPWM lies 
in the switching of inverter in a special way so apply a set of space vector for specific time. 
SVPWM for three-phase voltage source inverter has been extensively discussed in the 
literature and the technology has matured Iqbal and Levi (2005), Homes and Lipo (2003). 
However, for multi-phase VSIs, there are only application specific SVPWM techniques 
available in the literature and more research work is needed in this area. There is a lot of 
flexibility available in choosing the proper space vector combination for an effective control 
of multi-phase VSIs because of large numbers of space vectors. With reference to five-phase 
VSI, there are a few examples found in the literature. 
In the case of a five-phase VSI, there are in total 2^=32 space vectors available, of 
which thirty are active state vectors and two are zero state vectors forming three concentric 
decagons. Toliyat et al (2000), Xu et al (2002) and Shi and Toliyat (2002) have used only 
ten outer large length vectors to implement the symmetrical SVPWM. Two neighbouring 
active space vectors and two zero space vectors are utilised in one switching period to 
synthesise the input reference voltage. In total, twenty switching take place in one switching 
period, so that state of each switch is changed twice. The switching is done in such a way 
that, in the first switching half-period the first zero vector is applied, followed by two active 
state vectors and then by the second zero state vector. The second switching half-period is 
the .mirror image of the first one. The symmetrical SVPWM is achieved In this way. This 
method is the simplest extension of space vector modulation of three-phase VSIs. 
An ideal SVPWM of a five-phase inverter should satisfy a number of requirements. 
First of all, in order to keep the switching frequency constant, each switch can change state 
only twice in the switching-period (once 'on' to 'off and once 'off to 'on', or vice-versa). 
Secondly, the RMS value of the fundamental phase voltage of the output must equal the 
RMS of the reference space vector. Thirdly, the scheme must provide full utilisation of the 
available dc bus voltage. Finally, since the inverter is aimed at supplying the load with 
sinusoidal voltages, the low-order harmonic content needs to be minimised (this especially 
applies to the third and seventh harmonic). These criteria are used in assessing the merits 
and demerits of various SVPWM. 
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Conventionally two different SVPWM schemes are considers one which 
utilises the outermost large set of space vectors in the d-q plane and other uses four 
neighbouring vectors two from large set and two from the middle set. The times of active 
space vector application are given as Iqbal and Levi (2006), 
/ „ = -
V, sin {W5) 
(3.12a) 
' |v,lsin(^/5) 
/„=',-'.,- '. (3-13) 
Here k is the sector number (k = I to 10), and large vector length is 
|vuy| = |vM| = |v;| = -'',x-2cos(;r/5)Corresponding medium vector length, which will be needed in 
subsequent expression, is |V:„,„| = |VA,„| = I',„ ={2i5y,x- Symbol v* denotes the reference space 
vector, while |x| is the modulus of a complex number x . Switching period is denoted with is 
and indices a and b denote the neighbouring space vectors to the right and to the left, 
respectively, of the reference space vector. Indices /and m stand for large and medium space 
vectors, respectively. The largest possible fundamental peak output voltage that can be 
achieved using this scheme corresponds to the radius of the largest circle that can be 
inscribed within the decagon. This maximum fundamental peak output voltage v^^ is 
V^ =(2/5)2cos(W5)cos(;r/IO)j;,. =0.615541-;,.. 
Application of two adjacent medium active space vectors together with two large 
active space vectors in each switching period makes it possible to maintain zero average 
value in the second plane Ryu et al (2005) and consequently providing sinusoidal output. 
Use of four active space vectors per switching period requires calculation of four application 
times, labeled here /.,/,/w,/,„„,/fc„. The expressions used for calculation of dwell times of 
various space vectors are [Silva et al (2004)], 
^"-l^>K^lT77}'"''"(f'""J (3.14) 
2" . / , . x ^ 
'^'=v::M^['^rT-^^^^^ (3.15) 
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l]„s\n{;r/5)[.\ + r J " \5 
lJ\,Jlk.a] (3.16) 
=]^:7i!!iU(T7^^^^ <^-''^ 
'o='.-'„/-'w-'.™-'*». (3.18) 
where; /„ = /„, + („„u, = /w + '/,„, • This is in essence allocates 61.8% more dwell times to large 
space vectors compared to medium space vector thus satisfying the constraints of producing 
zero average voltage in the x-y plane. The maximum possible output with this approach is 
0.5257 Foe which is almost 16% less than the previous method. 
The simulation results of SVPWM method are provided with the ANN based method 
for comparison purpose. 
3.3.4 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM) 
The proposed SVPWM called here time equivalent space vector PWM 
(TESVPWM) utilises simply the sampled reference voltages to generate the gating time for 
which each inverter leg to yield sinusoidal output. This method is an extension of the 
technique developed for a three-phase VSI, Chung et al (1998). The reference voltage is 
sampled at fixed time interval equal to the switching time. The sampled amplitude is 
converted to equivalent time signal. The time signals thus obtained are imaginary quantities 
as they will be negative for negative reference voltage amplitude. Thus a time offset is 
added to these signals to obtain the gating time of each inverter leg. This oflFset addition 
centres the active switching vectors within the switching interval. The procedure is outlined 
in the Fig. 3.9 for sector I and the same approach can be used for other 9 sectors. The 
corresponding switching pattern for first part is illustrated in Fig. 3.10. It is evident that the 
switching is similar to the one used in SVPWM. The simulation results are shown in Fig. 
3.11. 
3.3.4.1 Algorithm of the proposed TESVPWM: 
1. Sample the reference voltages V,,. Vb, F, F,/ & V,. in every switching period T,. 
2. Determine the equivalent times T/.Tj, Tj.T., & 7> given by 
T 
w^ = ^ \s''~^- X ^  a,b,c,dande 
y. 
s 
'xs ~ ' x  ^ 
'dc 
3. Determine 7V,„ r„ lL.Is!m±!<m. 
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4. Then the inverter leg switching times are obtained as 
Tg, = T, + Tojfse,, \ = a,b,c,d and e 
For Sector 1 
'max ~ ' u ' 'min ~ d ' 
^effeclire ~ 'max ~ 'itiin - 'a~ 'd •> 
'0 — 's ~ 'effeciiYC •> 
(3.19) 
(3.20) 
(3.21) 
(3.22) 
' offset . = Z k - . 
_T{j _ 
(3.23) 
^ga =^a * ^offset '^"^ -y ^"i'" ~ ' " 
To 
2 2 
Tgb = n+T,ffs„ = n +f-Td=f + T,+T2 + h; 
(3.24) 
(3.25) 
Tg^ = T^ + Toffsei -Tc+~r-T^d -~r + T^4'i 
Tgd = Td + '^offset =Td+-^-Td-Zo 2 
T 
1^ = T^ga ~ ^ gh '- ^2 - ^gb ~ Tge \ ^i = Tge ~ Tgc '•, ' 4 " 'i^c ~ ^«</ ' ~T"='gdi 
(3.26) 
(3.27) 
(3.28) 
(3.29) 
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Fig. 3.10 Switching waveforms for sector 1 using the proposed TESVPWM 
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Fig. 3.11 Simulation results of the proposed TESVI^WM based scheme 
Fig. 3.11(a) shows the harmonic spectrum for the output phase 'a' voltage with FFT and 
Fig. 3.11 (b) shows the filtered output voltage after connecting a RL load at the output 
terminals. Fig. 3.11(c) shows the offset time signals as calculated after the mathematical 
analysis] it shows both the maximum value as well as the minimum value for the offset and 
the offset time signal. Fig. 3.11(d) shows the net modulating signals after adding the offset 
signal to equivalent time signal for each phase. 
3.3.5 /JRTIFICIAL NEURAL NETWORK BASED SPACE VECTOR PULSE WIDTH 
MODUL^ATION. 
The space vector PWM technique for a five-phase isolated neutral load of a voltage 
fed invejter is already discussed. Instead of implementing SVM by DSP, it is possible to 
implement it by a feed-forward neural network because the SVM algorithm can be looked 
upon as a nonlinear input/output mapping, Bhul and Lorenz (1991), Marchesi et at (1993), 
Pinto et al (2000), Simon (2004), Bakshai et al (1996), Brock et al (1998), Dzung et al 
(2006), Himavathi and Muthuramalingam (2007), Mondal et al (2002). This means that the 
referenc^ voltage vector V' magnitude, and o* angle can be impressed at the input of the 
network and the corresponding pulse width pattern of the five phases can be generated at the 
output. There are two approach of implementing SVM using ANN called 'Direct tnethod' 
and 'Indirect method'. In the so called "Direct method', the feedforward backpropagation 
ANN directly replace the conventional SVM algorithm. Since feedforward ANN network 
can map pnly one input pattern onto only one input pattern, the sampling time is divided into 
n subintervals. Thus each subinterval includes only one output switching pattern for every 
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input pattern. Thus it requires huge data set for proper training of the network. Thus this 
approach is limited in use. The later method uses two separate feedforward backpropagation 
ANN, one for the magnitude of the reference voltage and other for the reference voltage 
position.lThe magnitude network yield voltage magnitude scaling function which is linear in 
the linear modulation region and is non-linear function of VDC in the overmodulation region. 
The reference position network yield turn on pulse width function at unit voltage magnitude. 
This pul;je width functions are then multiplied by a suitable bias signal and the product is 
compared with the up/down counter to generate appropriate switching signals for the 
inverter. The complete implementation block diagram is illustrated in Fig. 3.12. 
Neural Network 
R 
0) 
•W"Hii 
• . • 
I 
R' 
o 
3 
UP/ 
Down 
Counter 
A') (HI 
-Sa» 
•Sfc* 
-So-
-Sd-
Fig. 3.12 Functional Ulock diagram of ANN based SVM for a five-phase VSI. 
3.3.5.1 ANN based SVM Using Large Vector (Over modidalion Region) 
As discussed in the previous section, there exist two conventional methods for 
realizing space vector PWM in a five-phase VSI. The method of using large vectors only 
generates higher output but the output is polluted with low-order harmonics. Thus it is 
proposed in this paper to use this approach above 0.5257Foc where the sinusoidal method 
fails to be implemented and it is called over modulation region in this paper. Nevertheless, 
this technique is simpler to implement compared to linear modulation method contrary to 
three-phase SVM where implementing over modulation is cumbersome. The regions of 
linear modulation and over modulation are depicted in Fig. 3.13. 
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Fig. 3.13. Range of modulation in a five-phase VSl 
Hence at first the technique for overmodulation is discussed followed by the method of 
producing sinusoidal output or liner modulation region. 
The turn on time TA.ON can be derived from equations (3.27) and (3.28) for sector I as 
TA-ON = '-f = ^  + K.V'[- sin g - ka') - sin a'] (3.30) 
T 
Where K = n—Tirr rsTr • 
(4«V'Dc)[|*sin(-)«1.618.2 sin(^)j 
Similar tjiming intervals can be derived for all ten sectors, and correspondingly, the phase-a 
turn on time can be expressed as 
' ^ = ^ - l - /C .K*[ - s i n (^ - a ' ) - s i na* ] 5 = 1,2,9,10 
^ + t„ = ^  + /C. K* [- sin ( I - a*) + sin a ' ] 5 = 3 
j+ta + tb=^+K.V' [sin ( I - a*) + sin a*] 5 = 4,5,6,7 
^f + ta = ~ + K.V' [sin ( I - a*) - sin a'] 5 = 8 
where the sector numbers are indicated on the right side of the equation. The turn on time 
for other four phases can be drawn in similar fashion. It is to be noted that the turn on time 
of different phases have a phase difference of 72 degrees. Because of symmetry, the 
correspc^nding turn-off time is given as 
T^A-ON — ' ^(3.31) 
T^A-oFF ~Ts ~ TA-ON 
Equation (8) can be written in general form 
Where fiV') = voltage amplitude scale factor and 
(3.32) 
(3.33) 
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5/i(a') ^ 
'K. [- sin (f - a*) - sin a*] S = 1,2,9.10^ 
K. [- sin (f - a*) + sin a*] 5 = 3 
K. [sin ( I - a') + sin a*] S = 4,5,6,7 
^ K-. [sin ( I - a') - sin a'] 5 = 8 
(3.34) 
Where gi{a') is called turn on pulsewidth function at unit voltage magnitude [fiV) = 1]. 
In the under modulation region the scale factor is linear, that is ,/(l^*) = V* for dc voltage 
and is a non-linear function in over modulation region. The turn on time of phase a can be 
plotted a^  shown in Fig. 3.14. 
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Fig. 3.14 Turn-on time of phase as a function of reference vector position in the ten sectors 
It is clearly seen from the Fig. 3.14, that the operational region of this technique is limited 
upto V* j= 0.6 II 5Koc where the turn-on time equals to T.s/2 and if the reference magnitude is 
further increased the application time becomes negative (dotted curve) which is not 
physically realizable. The lower operational limit of this technique is shown by another bold 
line below the Ts/2 line where the input reference voltage equal v' =o.5257Koc- At this 
limiting value the sinusoidal output method described the next section becomes inoperative. 
3.3.,5.2 ANN Based SVM Using Large and Medium vector (Linear Modulation) 
This section develops space vector PWM technique for obtaining sinusoidal output within 
the linear modulation region. This method utilises four neighbouring vectors as explained in 
the previous section. 
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Therefore, time TA-ONcan be derived from equations (6) for sector I as 
T^_g^ ^'-^ = '!f+K.V'[- sin ( I - a*) - k * sin a* - fc * sin ( | - a') - sin a'\ (3.35) 
Where K = 0.8541.7's -. similar timing intervals can be derived for all (4.VDc)[rsin(f).(l-H.6l82).2sin(-j^)]' 
ten sectors, and correspondingly, the phase-a turn on time can be expressed as 
T,.r A-ON 
f 
2 ~ ''ain 
< 7 + t, 
^^ = Il+K.V'[- sin (^ - a ' ) - k * sin a'-k* sin g - a') - sin a']. ...5 = 1,10 
j + tam=^+K.V' [- sin ( I - a ' ) - k * sin a'-k* sin ( | - a') + sin a ' ] . . .5 = 2 
^f+tam + tbi=^ + K.V'[- sin ( j - a ' ) + k * sin a'-k* sin ( j - a ' ) - sin a ' ] . . S = 3 
+ tbt + t a t = - 7 + ^ - l ' ' [ - s i n ( f - a ' ) + k*sina* + fc*sin(|-a') + sina '] .S = 
I + tbj + tai + tbm = ^ + K.V' [sin ( I - a*) + k * sin a ' + k * sin ( | - a*) + sin a '] 
S = 5,6 
f+hi + tai + tbm=^ + K. V [sin ( I - a ' ) + k * sin a'+ k * sin ( | - a') - sin a ' ] . S = ' 
7 + tai + W = 7 + K- V [-sin (^ - a*) - k * sin a' + k* sin g - a*) + sin a ' ] . .5 = 8 
7 + t b m = 7 + ^ - l ^ * [ s i n ( f - a * ) - k * s i n a ' - k * s i n ( | - a ' ) - s i n a * ] . . . . S = 9 
(3.36) 
Where ttie sector number is indicated on the right. Similar expressions can be derived for 
other foi|r phases however, they will have a phase ditTerence of 72 degrees. Because of 
symmetry, the corresponding turn-off time is given as 
TA-OFP — TS~ TA-ON (3.37) 
Equation (3.33) can be written in general form 
7:.-0A/=7 + / ( n . 5 ( a ' ) (3.38) 
Where f(y') = voltage amplitude scale factor and 
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• (3.39) 
'K. [- sin (^ - a*) - k * sin a' - k * sin ( - - a*) - sin a*] 5 = 1,10 
K . [ - s i n f ^ - a * ) - k * s i n a * - k * s i n ( - - a*) + s ina ' j . . .S = 2 
K. [- sin f^  - a ' ) + k * sin a' -k* sin ( - - a*) - sin a '] 5 = 3 
K. [- sin (^ - a ' ) + k * sin a' + k * sin ( - - a*) + sin a '] ....5 = 4 
/<:. [sin ( - - a*) + k * sin a ' + k * sin ( - - a* j + sin a*] 5 = 5,6 
/f. [sin ( - - a*) + k * sin a' + k* sin ( - - a'j - sin a*] ....5 = 7 
K. [-sin ( ? - « * ) - ' < * sin a' + k * sin ( - - a*) + sin a*].. 5 = 8 
/^ . [sin f-- a*) - k * sin a* - k * s i n ( - - a * j - s i n a*] ....5 = 9 
Wfiicli is defined as the pulse width function at unit amplitude [/(.V) = 1]. In the under 
modulation region the scale factor is linear, that is , / ( V ) = V* for dc voltage VQC and 'S a 
non-linear function in over modulation region. The turn on time of phase a can be plotted as 
shown in Fig. 3.15. 
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Fig. 3.15 Turn-on time of phase as a function ofreference vector position in the ten sectors 
It is clearly seen from the Fig. 3.15, that the operational region of this technique is 
limited upto i* =0.52571 Vx-where the turn-on time equals to Ts/2 and if the reference 
magnitude is further increased the application time becomes negative (dotted curve) which 
is not physically realizable. 
A simulation model is developed in Matlab/Simulink to simulate the ANN based 
SVPWM for a five-phase VSl. A different approach is adopted in this paper to implement 
the ANN SVM. Here voltage reference magnitude network is not used from ANN, instead a 
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linear voltage magnitude multiplier is used. This approach simplifies the implementation 
and significantly reduces the computation times. The expressions of turn-on times and the 
corresponding turn-on pulse width function as illustrated in the preceding sections, allows 
ANN based space vector PWM implementation using only one subnet (Fig. 3), the angle 
subnet. The angle subnet inputs the reference voltage vector position a' and 
correspondingly generates the turn-on pulse width functionsgy(a*),/ = .•i,B,C,D,E. The angle 
subnet has three layers, the input, the hidden and the output with (1-15-5) neurons and using 
sigmoidal processing function for hidden and output layers as illustrated in Fig. 3.16. The 
angle training of the network was performed in the full cycle with an increment of 1 degree. 
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Fig. 3.16 Neural Network Topology for SVM ofa tlve-phase VSI. 
The simulation results are obtained for conventional space vector PWM and ANN based 
space vector PWM and they are plotted on the same curve for comparison purposes. The 
resulting waveforms are depicted in Fig. 3.17-3.18 for linear modulation and Fig. 3.19-3.20 
for overmodulation. The switching frequency is kept equal to 10 kHz, the dc link voltage is 
assumed unity and the fundamental frequency is taken as 50 Hz. The results are illustrated 
for maximum modulation for both cases. 
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Fig. 3.20 Voltage spectrum over modulation: a. ANN SVM. b. Conventional SVPWM 
The results shown in Fig. 3.17 and Fig. 3.18 depict a very good tracking of the reference 
voltage, both the leg and phase voltages. The results obtained using ANN and conventional 
SVPWM shows similar behaviour. However, there a marginal gain in the ANN based 
technique as suggested by the THD value of the spectrum refers to Fig. 3.19. The THD of 
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the phase voltage using ANN is 1.39% considering upto 20"' harmonics while it is 1.52% 
using conventional SVPWM at 10 kHz switching frequency. 
The results obtained in over modulation region suggest once again a good tracking of the 
reference using ANN. The results are similar compared to the conventional method, 
nevertheless a marginal gain in terms of lower THD is observer in this case also. It is seen 
from Fig. 3.20 that the THD for ANN method is 29.25% and with that of conventional 
method is 29.42%. 
3.4 EXPERIMENTAL INVESTIGATION 
A Five-phase voltage source inverter is developed using intelligent power module 
from VI Micro systems, Chennai. Texas Instrument DSP TMS320F28I2 is used as the 
processor to implement the control algorithm. A RS232 cable is used to transfer the signals 
generated using PC to DSP board. The complete control code is written in C^ which is 
compiled using Code Composer Studio 3.1 and ASCI file is transferred to DSP using the 
printer port of the PC and they have dedicated 16 hardware PINS to generate the desired 
PWM signals. The PWM circuits associated with compare units make it possible to generate 
up to eight PWM output channels (per Event Manger) with programmable dead band and 
polarity. This DSP is specifically meant for use in motor drive purposes and it can control up 
to 8-phase two-level inverter. The control code is written in C++ language in Code 
composer studio 3.1 which runs in a PC. The control signal generated by PC is transferred to 
the DSP board through RS 232 cable connected in parallel printer port of the PC. The DSP 
board is connected to the Power Module through dedicated control cable. The DSP 
interfacing circuit along with required A/D and D/A converter is built on the DSP board 
itself procured from VI Micro systems. The complete experimental set up is shown in Fig. 
3.21. The experimental results obtained are illustrated in Fig. 3.22. 
Switching patterns for the proposed PWM are shown in Fig. 3.22. The resulting 
waveform of leg voltage and harmonic spectrum of phase voltage (filtered values, C= 0.1 
HF, R = 20 kQ in parallel) are shown in Fig. 3.23 respectively. The switching frequency is 5 
Khz and the output voltage frequency is 50 Hz. 
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Fig. 3.21 Five-phase experimental set up. 
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Chapter 4 
Five-Phase Voltage Source Inverter Supplying 
Five-Phase Series Connected Two-Motor Drive System 
4.1 INTRODUCTION: 
Modelling and control issues of a five-phase inverter feeding a five-phase machine 
are elaborated in chapter 3. This chapter is devoted to the control of a five-phase voltage 
source inverter feeding five-phase two-motor drives. A novel concept for multi-motor drive 
systems, based on utilization of multi-phase machines and multi-phase inverters, have been 
proposed by Levi et al (2003) and Levi et al (2004). Since vector control of any multi-phase 
machine requires only two stator current components, the additional stator current 
components are used to control other machines. It has been shown that, by connecting multi-
phase stator windings in series with an appropriate phase transposition, it is possible to 
control independently all the machines with supply coming from a single multi-phase 
inverter. One specific drive system, covered by this general concept, is the five-phase series-
connected two-motor drive, consisting of two five-phase machines and supplied from a 
single five-phase voltage source inverter. Such topology has been analysed in a considerable 
depth in Levi et al (2004), Iqbal et al (2003) and experimental verification of the existence 
of control decoupling in this two-motor drive has been provided in Iqbal et al (2006). The 
studies are based on inverter current control in the stationary reference frame, using phase 
current control in conjunction with hysteresis or ramp-comparison current controllers. The 
experimental rig of Iqbal et al (2006) utilizes ramp-comparison current control. 
The control techniques developed so far for the five-phase voltage source inverter feeding 
five-phase series-connected two-motor drive, once again are based on pulse width 
modulation. Carrier-based sinusoidal PWM are used in Iqbal et al (2005). A modification in 
the scheme is suggested in Iqbal and Levi (2006) where fifth harmonic is injected in the 
reference voltages. With the harmonic injection the output voltage magnitude is increased, 
similar to single-motor drive. 
A number of space vector PWM techniques have been reported for a five-phase VSI for 
single motor drive in Silva et al (2004), Iqbal and Levi (2005), Iqbal and Levi (2006), Iqbal 
(2008), Toliyat et al (1993) and Toliyat et al (2000) where attempts have been made to 
generate sinusoidal waveform. Considering a five-phase system there exist two orthogonal 
planes namely d-q and x-y. Unwanted low-order harmonics are generated in the output of a 
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five-phase VSI when the space vectors ofx-y plane are not eliminated completely and they 
result in distortion in stator current and losses in the machine having sinusoidal mmf 
distribution. In case of concentrated winding machine, low order harmonic currents are 
injected along with the fundamental to enhance the torque production. In such cases it is 
desirable to produce low-order harmonic along with the fundamental as illustrated in Lyra 
and Tipo (2002), Duran et al (2008) Arahal and Duran (2009), and Dujic (2009). 
The applicability of current control in the rotating reference frame, using synchronous 
current controllers, has been investigated in Jones et al (2005) for series-connected five-
phase two-motor drive system. It was shown that the same quality of control is achievable, 
provided that appropriately modified decoupling circuits are used in the d-q axis reference 
voltage generation. The simulation results provided in Jones et al (2005) are based on an 
ideal voltage source. However, any actual implementation of the current control in the 
rotating reference frame requires an appropriate PWM method in order to impose generated 
voltage references. Although ramp-comparison method can be used for this purpose, the 
trend in digital control of ac drives has been for a long time to use space vector PWM. The 
basic principle of control of series-connected machine lies in that fact that both d-q and x-y 
voltage components are required to be produced without any interaction between them. A 
space vector PWM scheme that would be applicable in conjunction with the series-
connected five-phase two-motor drive system when current control is exercised in the 
rotating reference frame is proposed in Iqbal and Levi (2006) where two low-frequency 
components are produced. The major drawbacks of the proposed method in Iqbal and Levi 
(2006) is the lower dc bus utilization and occurrence of side band switching harmonics at 
multiple of half of the switching frequency of the inverter. These short comings were 
eliminated in Dujic et al (2008) with the appropriate choice of space vectors. However, the 
method described in Iqbal and Levi (2006), Dujic et al (2008) typically uses sector 
iderttification and the calculation of the application times of space vectors is done on-line. 
This imposes a significant computational overhead on the DSP and makes this method quite 
complex. 
A modulation technique termed as "unified voltage modulation" scheme is proposed in 
Chung et al (1998) for a three-phase voltage source inverter. This method is based on the 
calculation of gating time of each inverter leg from the information of sampled reference 
voltages. This is the most general form of PWM encompassing carrier-based, carrier-based 
with harmonic injection and space vector PWM. By simply modifying the shape of offset 
• 
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signal any of these schemes may be realized. This method offers the ease and simplicity of 
real time implementation without much burdening DSP with optimum dc bus utilization. A 
similar modulation approach is proposed in this chapter for a five-phase VSI supplying two 
series-connected five-phase machines. The gating time of inverter switches are obtained 
directly from sampled reference voltages; modulating the inverter for generating appropriate 
voltages for independently controlling the series-connected five-phase machines. Complete 
algorithm is provided with their validation using simulation and experimentation. Another 
method proposed in the thesis is based on artificial neural network which can be employed 
for high switching frequency. The simulation results are provided for this method. 
4.2 FIVE-PHASE SERIES-CONNECTED TWO-MOTOR DRIVE 
When the phase variable equations are transformed using decoupling matrix, three sets 
of equations are obtained, namely d-q, x-y and zero sequence. In single five-phase motor 
drives, the d-cj components are involved in actual electromagnetic energy conversion while 
the x-y components increase the thermal loading of the machine. However, the extra set of 
current components (x-y) available in a five-phase system is effectively utilised in 
independently controlling an additional five-phase machine when the stator windings of two 
five-phase machines are connected in series and are supplied from a single five-phase VSI. 
Reference currents generated by two independent vector controllers, are summed up as per 
the transposition rules and are supplied to the series-connected five-phase machines. The 
experimental verification of the concept is detailed in Levi et al (2007). Block diagram of 
the two-motor drive systems is illustrated in Fig. 4.1. 
Source Macliine I Machine 2 
^ • • • 1 a I WK^^M "^ 
M H b2 
• • • • I <>2 
• • 1 ^ e2 
Fig.4.1 Five-phase series-connected two-motor drive structure 
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In Fig. 4.1, the source is a five-phase voltage source inverter, which directly feed a 
five-phase machine. The five-phase machine has open-end windings, the second end of the 
first machine windings are connected with appropriate phase transposition to the second 
five-phase machine. The second end of the windings is shorted to form the star point. The 
schemes of series-connected five-phase two-motor drive discussed so far in the literature 
utilizes current control in stationary reference frame, thus requiring reference current 
generation from the vector controller. However, if current control in the rotating reference 
frame is to be utilized, appropriate PWM scheme for five-phase VSl needs to be developed 
to generate voltage references instead of current references. The principle of control 
decoupling of two five-phase series-connected machines lies in the fact that the d-q 
voltage/current components of one machine becomes the .v->' voltage/current components of 
the other machine and vice-versa. Since Space vector PWM offers higher dc bus utilization, 
the available literature focuses on the development of appropriate space vector PWM for 
two-motor drive system. A review of the available schemes is elaborated in the subsequent 
section. 
4.2 SPACE VECTOR PWM FOR FIVE-PHASE TWO-MOTOR DRIVE: A REVIEW 
Since in the two-motor drive of Fig. 4.1, inverter d-q plane vectors are used to 
control the first machine while the inverter x-y plane vectors are used to control the second 
machine, it is essential that the methods of SVPWM generate only the required two 
fundamentals for the two machines, one in d-q plane and the other in x-y plane. Based on 
this concept a number of schemes are reported in the literature and are elaborated briefly 
here for consistency of presentation. 
SVPWM SCHEME 1 [Iqbal and Levi (2006)] 
This method is based on sequential approach of providing decoupled references in 
the two planes. Based on the reference vector location, four neighbouring active and two 
zero vectors are chosen similar to single motor drive [Toliyat et al (2000), Lyra and Lipo 
(2002)] in each planes. Thus in total eight active space vector are imposed, looking from the 
d-q plane two of them belong to large vector set, four of them belong to medium vector set 
and two from the short vector set. Two space vector modulators namely d-q modulator and 
x-y modulator operate independently to yield two references in the two planes. The 
switching scheme is such that the inverter generates d-q axis voltage in the first switching 
cycle of the PWM, while simultaneously eliminating the x-y a.xis components. In the second 
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switching cycle it generates the x-y axis voltage eliminating the d-q axis components. The 
dwell times of space vectors are calculated independently for the two modulators similar to 
single motor drive. A block diagram of the scheme is shown in Fig. 4.2 and the switching 
pattern in Fig. 4.3, assuming the references lying in the first sector of d-q and x-y planes. 
The drawback of this scheme is that the output voltage is limited to one half of the given 
reference value since in each switching period only one reference is imposed. Thus the 
effective utilisation is restricted to only half of the maximum value obtainable for the given 
dc link voltage. This amounts to utilisation factor of 0.2628 Fdc while the maximum 
achievable value could be 0.5257Fjc. Another drawback of this scheme is the sideband 
harmonic frequency which is in this case is half of the actual switching frequency due to 
application of references in one switching period and hence the repetition of references are 
every two switching period. 
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SVPWM SCHEME 2 [Diijic el al (2008)] 
To overcome the underutilization of the available dc bus voltage in scheme I, 
another SVPWM technique is suggested in Iqbal and Levi (2006). The idea behind the 
proposed scheme is that the one of the references remains zero in one switching period and 
is identical to application of zero vectors in that plane. Hence, all the eight active vectors can 
be applied in one switching period in contrast to the scheme 1 where these vectors are 
imposed in two switching periods. One switching period is further composed of two sub 
periods corresponding to the magnitudes of the reference voltages. A sample of switching 
pattern is shown in Fig. 4.4 assuming that the two references lie in sector I and the 
magnitude of reference belonging to x-y plane is smaller than the reference ofd-q plane. By 
using variable sub periods as a function of the individual voltage reference magnitudes in 
two planes, full utilization of the dc link voltage is achieved. Further the sideband switching 
harmonics now appears at the actual switching frequency in contrast to the previous method 
in which it appears around half of the switching frequency. The dc bus voltage utilization is 
now 100% equal to 0.5257Kic. The drawback is the asymmetrical switching pattern in this 
method leading to difficulty in its real time implementation using standard DSP PWM 
generation approach. To resolve the issue of real time implementation another PWM scheme 
is suggested in the same chapter and is illustrated here in the next subsection. 
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SVPWM SCHEME 3 [Dujic el al (2008)] 
The fundamental of this scheme relies on the fact that the average voltage output 
from an inverter leg in one switching period is a function of the duty cycle of that leg only. 
Thus centering of the switching pattern of Fig. 4.4 keeping the same duty cycle ensures the 
same average output as that of Fig. 4.3. Thus, this slight modification results in symmetrical 
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switching pattern Iceeping the same output magnitude as shown in Fig. 4.5. It is further 
observed that with centering operation only four active vectors are utilized in one switching 
period to synthesize the input reference contrary to eight active space vector being used in 
Scheme 1 and Scheme 2. With reference to the d-q plane in this scheme two medium vectors 
are customarily used in addition to two large vectors (if reference in d-q is larger than the 
reference in .v-,^  plane), two small space vectors (if reference in d-q is smaller than the 
reference of x-y plane), and one large and one small space vector (if both references are of 
same magnitude and are in different positions in the planes). The time of applications of the 
two independent space vector modulators, d-q and x-y, are summed up on a per leg basis. 
The dc bus utilization is improved in this method and the maximum achievable output 
voltage reaches 0.325 Fdc The side band harmonic appears at the multiple of switching 
period. The real time implementation is now simpler as the standard PWM approach can be 
utilized. 
| T „ ; 
' V„: 
T„: 
V„: 
T . 
r 
v.. 
T,: 
V,. 
T,:^ T„ T,H T,: T:: 
1 I I I 
r 
1 
1 
1 
1 
1 1 
Iv,. , 
r 
r v„ V,:J 
r T 1 
1 
i. 4. 
1 
1 
1 
Iv,, 1 v.. 
T „ j 
V M : 
To: 1 
V » ; ' 
Fig. 4.5 switching pattern with SVPWM scheme 3 
The following section elaborates other PWM schemes that can be employed for controlling 
five-phase voltage source inverter for two-motor drive; 
1. Carrier based pulse width modulation scheme [Levi et al 2007] 
2. Harmonic injection based pulse width modulation scheme [Iqbal and Levi 2006] 
3. Offset addition based pulse width modulation scheme [Iqbal and Levi 2006] 
4. Time equivalent space vector pulse width modulation (TESVPWM) scheme [Proposed 
in this thesis] 
5. Artificial neural network based space vector pulse width modulation [Proposed in this 
thesis]. 
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4.3.1 CARRIER BASED PULSE WIDTH MODULATION SCHEME 
As in the case of three-phase VSI the principle of carrier-based PWM is also 
applicable to a multi-phase VSI. The PWM signal is generated by comparing a sinusoidal 
modulating signal with a triangular (double edge) or a saw-tooth (single edge) carrier signal. 
In a five-phase two-motor drive, the references for each motor is generated separately from 
two vector controllers are then summed according to the transposition rules. The summed 
voltages serve as modulating signals. These modulating signals are compared with the high 
frequency carrier signals (triangular) and the gating pulses are generated for the inverter. 
The dc bus voltage utilization is 0.5 p.u. and because of the sequential nature of 
control, half of it drive the first motor and the remaining half drive another motor and it is 
important to highlight that this is the disadvantage of the series-connected drive scheme. 
Matlab/Simulink model is developed and the simulation results are illustrated in Fig. 
4.8. Since the motor is supplying two motor connected in series and the value of DC link 
voltage is Vjc set to 2 p.u. The switching frequency is kept 5 kHz. 
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The fundamental frequency is kept 25 Hz. As it is the case of five-phase VSl supplying two 
motor drive system and both the motors are operating at different frequency. One motor is 
operating at 25 Hz. Supply and another one is operating at 50Hz supply. The peak of carrier 
wave has taken here as +Vdc (i.e. 1 p.u.) in contrast to + O.SVjc (0.5 p.u.) for a single motor 
drive. 
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Fig. 4.8 Simulation results of the carrier based PWM scheme 
4.3.2 HARMONIC INJECTION BASED PULSE WIDTH MODULATION SCHEME 
Fifth harmonic can be injected as in the five-phase discussion, the value of the fifth 
harmonic injection can be applied here and the value of the injected harmonic is 
- - (4.1) 
In this case the harmonic injection will be multiple of the fundamental. This harmonic can 
be injected next to the summed lag voltage references, which are then compared with a 
triangular carrier wave to generate switching pulses for the power semiconductor devices. 
Block representation of harmonic injection scheme is shown in Fig. 4.9. 
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Fig. 4.9 Bloci< representation of the harmonic injection scheme 
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Simulation is carried out to investigate this PWM technique. The simulation 
conditions are kept same as 4.3.1 i.e. Vdc is kept 2 p.u. as the inverter is supplying two 
motors connected in series and the carrier wave magnitude is taken as +Vdc (i.e. i p.u.). 
Both input references can be increased beyond the limiting value of 0.5 p.u. when 
harmonic is injected in the summed leg references. The achievable increase in the 
modulation region is 5.15% and it is attributed to the fact that the overall envelope of the 
modulating signal (refl+ref2+5"' harmonic) reduces due to 5"' harmonic voltage. This 
follows the same principle of increase in the dc bus utilisation as for single motor drive. The 
simulation results are depicted in Fig. 4.10 and 4.11. 
08 
5 06, 
f . 
I 02 
I": 
g .02 
f I" 
<^ -06 
-0 
j^'Z^ Modulgitns signal 
7 \\ Y 
•/ ^^~"~~—V\ / 
Rriertnct 1 * Rafuenci 2 
/ Fillh 
/ Hatmorw 
RtftTtflCt 1 
V\ 
\ \ / ' 
• 
OM 0 06 9 08 0 1 0 12 
Time (s) 
02 002S 0 03 0.035 0 04 OO-l!. 0 05 0 055 006 
Time (secj 10" 10 Frequency! Mz) 
014 016 
(a) Reference leg voltages and modulating signal (b) Inverter phase "a" voltage spectrum 
10- Iff 
FrequencyjHz) 
(c) Inverter alpha axis phase voltage spectrum 
10* 10' 
FieaunKvlHz) 
0 16 
(d) Inverter \ axis phase voltage spectrum 
Fig. 4.10 Simulation results for five-phase series connected two motor drive without increasing the 
modulation index i.e. 0.5. 
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Fig. 4.10 (a) shows that reference leg voltages & the fifth harmonic and then the modulating 
signal after injecting the fiftii harmonic in the reference leg. Fig. 4.10(b) shows the inverter 
output phase 'a' voltage and depicts that the fundamental contains two fundamental one is at 
25 Hz with a magnitude of 0.1335 p.u. rms (0.1881 peak) and another at 50 Hz with a 
magnitude of 0.2647 p.u. rms (0.3744 peak). Fig. 4.10 (c) & Fig. 4.10 (d) show the alpha 
axis and x axis components i.e. 50 Hz component on alpha axis and 25 Hz component on x 
axis. It means that inverter is operating one machine at 50 Hz on alpha axis and the second 
machine is operating at 25 Hz on x axis and the control of both the machines are 
independent. 
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Fig. 4.11 Simulation results for (Ive-phase series connected two motor drive with increase in the modulation 
index i.e. 0.5257 
Fig. 4.11(a) shows the reference leg voltage and modulation signal with the increased 
modulation and Fig.4.11(b) inverter phase 'a' voltage spectrum which again shows that the 
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fundamental contains two components at 25 Hz with magnitude of 0.1399 p.u. rms (0.1978 
peak) and at 50 Hz with magnitude of 0.2786 p.u. rms (0.3940 peak). Fig. 4.11(c) & Fig. 
4.11 (d) shows the alpha axis and x axis phase voltage spectrum with the increased 
modulation. 
4.3.3 OFFSET ADDITION PULSE WIDTH MODULATION SCHEME 
It is well known that the addition of offset voltages in references voltages in a three-
phase system lead to enhanced output [Holmes and Lipo (2000)]. The same concept is 
extended for multi-phase system and further reviewed here. This PWM scheme as applicable 
to a five-phase drive system with series-connected two-motor system is presented in [Iqbal 
etal(2006)]. 
An offset voltage is injected into the summed leg voltage references, which are then 
con[)pared with a triangular carrier wave to generate switching pulses for the power 
semiconductor devices. The offset voltage is given by 
'*•" 2 Where '^-"in = "i'"{ '^A • »'S • ''C • "D • "f} 
This essentially inject multiple of 5"' harmonics in the reference modulating signal. 
To further validate the concept, simulation study is carried out. For simulation purpose, the 
peak of the carrier wave is taken here as +Vdc (i.e. 1 p.u.) in contrast to + O.SVjc (0.5 p.u.) 
for a single motor drive case. The peak of carrier has been doubled (compared to single 
motor drive) since the inverter is supplying two motor hence require double current. Both 
input references can be increased beyond the limiting value of 0.5 p.u. when offset is 
injected in the summed leg references. The achievable increase in the modulation region is 
5.15% and it is attributed to the fact that the overall envelope of the modulating signal 
(refl+ref2+offset) reduces below the limiting value due to offset voltage. This follows the 
same principle of increase in the dc bus utilisation as for single motor drive. The block 
representation of the offset addition scheme is shown in Fig.4.12 
Simulations are performed to prove the viability of presented PWM scheme. The 
switching frequency of inverter is set to 5 KHz and the fundamental frequency of both set of 
leg voltages reference is chosen as 25 Hz and 50 Hz. The total dc link voltage at the inverter 
input is 2 p.u. 
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Fig. 4.12 Block representation of the offset addition scheme 
Due to phase transformation in the series connection their summation will yield twice the 
individual value. However offset addition will actually modifies the total inverter leg voltage 
reference so that the maximum leg voltage reference may appear in a different leg. This has 
been investigated by simulation in details. 
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(c) Axis components (a and x axis) of the inverter phase voltage of fig (a) and associated spectra (V,^) 
Fig.4.13 simulation results without increasing the modulation index 
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Simulation results shown in Fig.4.13 (a) shows the Components of the leg voltages reference 
for inverter leg A with the resulting modulating signal obtained &. Fig. 4.13 (b) depict 
inverter phase output voltage and its spectrum. The output voltage spectrum shows that 
fundamental is actually composed of two frequency components of different frequency at 
25Hzwith a magnitude of 0.1325 p.u. rms (0.1873 p.u. peak) and 50Hz with magnitude of 
0.2644 p.u. rms (0.3739 p.u. peak) keeping V/f constant which appear in the different planes 
of the five dimensional space. By decomposing the instantaneous inverter phase voltages, 
using Clark's transformation for a five-phase system obtains the inverter phase voltages in 
a-p plane and x-y plane. The a axis components and x axis components are shown in 
Fig.4.13(c) from which it follows that the 25 Hz fundamental appears in a-P plane with 
magnitude of 0.1325 p.u. rms (0.1873 p.u. peak) and 50 Hz fundamental appears in x-y plane 
with magnitude of 0.2644 p.u. rms (0.3739 p.u. peak). These two components control 
independently two five-phase machines connected in series with appropriate phase 
transposition. Since the total modulating signal in Fig.4.13 (a) is below the limiting value of 
1, it is possible to increase the individual references of the two machines above 0.5. only 
part of this increase is possible due to offset addition, while the remainder of the possible 
increase is associated with the fact that the two motor drive actually does not require 
doubling of the dc link voltage. 
By performing trial and error procedure, it has been established that the maximum 
value for the reference is 0.645 p.u. (peak). The inverter leg A voltage reference and the 
output phase voltage spectrum are shown for this condition in Fig.4.14 (a) & (b) However 
the limiting value of + Ip.u. actually appears in the modulating signals of leg E and leg B 
this being the consequence of the offset addition. The peak value of leg A is an intermediate 
value, while the peak values of leg C and D are the same and the lowest. 
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Fig.4.14 simulation results with increase in the modulation index 
The output voltage spectrum shows that fundamental is actually composed of two 
frequency components of different frequency at 25 Hz with a magnitude of 0.1712 p.u. rms 
(0.242 p.u. peak) and 50Hz with magnitude of 0.3415 p.u. nns (0.4829 p.u. peak) keeping 
V/f constant which appear in the different planes of the five dimensional space. One 
component controls the first machine at 25 Hz in «-/? plane and other component controls 
the second machine at 50 Hz in x-y plane. 
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Fig.4.15 Plot of peak of line voltages (p.u.) vs phase shift angle (deg.) 
The dc link voltage has been set to twice the value required for a single motor drive 
in simulation. With such a dc voltage it is possible to increase the modulation index upto 
0.645. It is shown in Fig. 4.15 (a) that maximum value appears at different phase shifts but is 
the same in all line voltages. The above figure shows the change in the peak values of the 
line voltages with phase transposition is 3.077 and without transposition is 3.8042 peak as 
shown in Fig. 4.15 (b). The ratio of these two values is 0.809 indicating that instead of the 
dc link voltage of 2 p.u. the value of 1.618 p.u. would have been sufficient. The maximum 
value of the modulation index in the limit of the linear modulation region would have been 
obtained as 0.645x0.809 = 0.5218. Since without offset injection the maximum value of the 
modulation index is 0.5 (with dc voltage of 1.618 p.u.), offset injection enables an increase 
of the modulation index in the linear region of 4.364%. Hence the gain in dc bus voltage 
utilization is 4.364%. 
4.3.4 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM) 
In the proposed algorithm the reference voltages are sampled at fixed time interval 
equal to the switching time. The sampled amplitudes are converted to equivalent time 
signals. The time signals thus obtained are imaginary quantities as they will be negative for 
negative reference voltage amplitudes. Thus a time offset is added to these signals to obtain 
the gating time of each inverter leg. This offset addition centres the active switching vectors 
within the switching interval offering high performance PWM similar to SVPWM. The 
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algorithm is given below. Where Vx: x=a,b,c,def, is the sampled amplitudes of reference 
phase voltages during sampling interval and Ts is the inverter switching period. Tx; 
x=a,b,c,d,e/: are referred as time equivalents of the sampled amplitudes of reference phase 
voltages. T,„ax and T„,i„ are the maximum and minimum values of Tx during sampling 
interval. To is the time duration for which the zero vectors is applied in the switching 
interval. Toffser is the offset time when added to time equivalent becomes gating time signal 
or the inverter leg switching time Tg_^:X=a,b,c,d,e/. 
Algorithm of the proposed TESVPWM: 
1. Sample the reference voltages K„. Vh, K. K/. & K- in every switching period T,. 
2. Determine the equivalent times Ti,T2< T^.T^, & Ts given by expression, where x 
a,b.c,d, ande ; 
Inffrol ~ 
'S 'max "*•'min 
2 Vrlr 
T 
' xs 
T 
- ^xs ^ 
3. Detenuine fope/: 'offset 
4. Then the inverter leg switching times are obtained as 
^gx -^x"^ ^offset; X = a,b,c,d, ande. 
Fig. 4.16 shows the principal of Time Equivalent method for asymmetrical six-
phase, if one fundamental cycle of modulating signal is divided into ten equal parts (sectors) 
and sampling is done in the first part then the equivalent mathematical analysis for first part 
is given below and on the basis of this analysis the equivalent switching wave form is shown 
in Fig. 4.17. The proposed TESVPWM is simulated using Matlab/Simulink model shown in 
Fig; 4.18. 
For Sector I 
?"max = L; ,^„„ = T,; (4.3) 
T,-T„-T,r,T, = T,-n; h = n-r,; T,=1.-T.; (4.4) 
'cllhinc ~ 'max ~ 'min ~ ' ci ~ ' v ^ (4..)) 
^0 = ^v - Lllnmr '•> (4.6) 
T T 
T — — — T = —^ — T 
'(illsc( - ' m m ~ ••.• 
2 2 (4_7) 
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Tga = r , ^ V J , , , = T,^^-r,„„, = ;•„ + ^ - r , = ^ + r, ^TJ^T^^T, 
To T,, = n + T„i,,, = r , . , -^ - r, = - f + 7-3 + r,; 
(4.8) 
(4.9) 
T T 
Tg^. = T^. + T„jjsf, ='f^.+ — -T^.=—', 
To 
Tt - Tga - Tgj •» T2 - Tgj - Tyj,; T", - T^^ T^^.; T^ = T^^. - T^^. ^ = 7^,,,; 
(4.10) 
(4.11) 
(4.12) 
(4.13) 
) 13; oijs on 
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Fig. 4.16 Principal ofTESVPWM for sector 1 
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Fig. 4.18 Simulation results of the proposed TESVPWM based scheme 
Simulation results are provided in Fig.4.18. The harmonic analysis of output voltage phase 
'a' is carried out and the resulting time domain and frequency domain waveform is 
illustrated in Fig. 4.18 (a) It is clearly seen from the spectrum that the inverter output phase 
voltage contain only two desired frequency component fulfilling the criteria of independent 
control of five-phase series-connected two-motor drive system. The equivalent time signals 
are calculated according to the proposed algorithm and then the actual gating time is 
obtained by adding offset to the equivalent time signals, and the resulting waveforms for 
phase 'a', Ta gating and T„(rsei are shown in Fig. 4.18 (b). Fig.4.18 (c) shows the equivalent 
gating signals (or modulating signals) for all the five phases and Fig. 4.18(d) represents the 
offset time Toirset The offset time is the middle portion of the Tonset max and Toirset.min, where 
Totrsetma.\ = Ts - Tmax. and ToiTset min = -Tmin- The filtered output phase voltages are depicted in 
Fig. 4.18(e). 
From the switching waveform of Fig. 4.17, for first part the space vectors used are 
11, 29, 22 and 14 for the implementation of modulation scheme. Their positions in the d-q 
plane can be seen in Fig. 3.2 and in x-y plane in Fig. 3.3. 
To show the applicability of the proposed scheme in motor drive application, 
simulation is further carried out for five-phase two-motor drive system of Fig. 4.1. A single 
five-phase voltage source inverter supplies the series combination of the five-phase 
induction motors operating in v//control mode and the inverter is modulated using the 
proposed voltage modulation scheme. The induction motor 1 (IMI) is operating at 50 Hz 
(1500 rpm) and induction motor 2 (IM2) is operating at 25 Hz (750 rpm). The motor data is 
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provided in Appendix I. The torque response for acceleration and loading conditions are 
illustrated in Fig. 4.19 (a) for IMl and Fig. 4.19 (b) for IM2, respectively. The speed 
response is also depicted in Fig. 4.19 (c) and the resulting waveforms clearly indicate the 
independent control of two motors supplied from a single inverter. 
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Fig. 4.21 Mallab/Simulink model for the ANN based SVM scheme for live-phase VSl supplying five-phase 
series connected two motor drive system 
The ANN based space vector PWM technique for a five-phase isolated neutral load 
of a voltage fed inveiler is already discussed in chapter 3. This section describes the ANN 
PWM based on TESVPWM scheme. The reference signal in TESVPWM is taken as input 
neuron values and the modulating signals in TESVPWM scheme is taken as the target 
values. The functional block diagram and Matlab/Simulink model for the five-phase VSI 
supplying five-phase series connected two motor drive system are shown in Fig. 4.20 and 
Fig. 4.21. Then the Matlab neural network tool is used for the training and simulation 
purpose which is later formed the ANN block for the above scheme, input and output layer 
with five neuron and hidden layer with ten neurons. Network is Feed-forward back 
propagation type and the training function "trainim" is used for the simulation purpose. The 
adaptation learning function is LEARNGDM and Mean squared error (MSE) performance 
function is used. Transfer function is TANSIG (tansigmoidal) type. The simulation results 
for voltage source inverter are shown in Fig. 4.22. The results show similar results as that of 
the previous section. Two fundamental frequency components are generated which will 
eventually used to drive to series or parallel connected five-phase machines. These two 
fundamental components are once again independent of each other. This ANN based scheme 
is applicable for high switching frequency applications. 
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4.4 EXPERIMENTAL INVESTIGATION 
A Five-phase voltage source inverter is developed using intelligent power module 
from VI Micro systems, Chennai. Texas Instrument DSP TMS320F28I2 is used as the 
processor to implement the control algorithm. Since this DSP may coded in C or C.++, it is 
more user friendly and they have dedicated 16 hardware PINS to generate the desired PWM 
signals. The PWM circuits associated with compare units make it possible to generate upto 
eight PWM output channels (per Event Manger) with programmable dead band and polarity. 
This DSP is specifically meant for use in motor drive purposes and it can control upto 8-
phase two-level inverter. The control code is written in C++ language in Code composer 
studio 3.1 which runs in a PC. The control signal generated by PC is transferred to the DSP 
board through RS 232 cable connected in parallel printer port of the PC. The DSP board is 
connected to the Power Module through dedicated control cable. The DSP interfacing circuit 
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along with required A/D and D/A converter is built on the DSP board itself procured from 
VI Micro systems. The complete experimental set up is shown in Fig. 4.23. 
Fig. 4.23 Fivc-pha.se experimental set up. 
The experimental results obtained are illustrated in Fig. 4.24- Fig. 4.26 Two different 
sets of frequencies are chosen; one 25Hz and 50 Hz another 62.5 and 125 Hz. The two 
fundamental frequencies sets are chosen with equal vlf. A sample of switching signals for 
three legs is depicted in Fig. 4.24. The resulting filtered phase voltage and itsFFT is 
depicted in Fig. 4.25 for 25 and 50 Hz combinations and in Fig. 4.26 for 62.5 Hz and 125 Hz 
combination, respectively. The harmonic spectrum of phase 'a' voltage clearly shows only 
two fundamental frequency component with half the magnitude to satisfy constant v/f 
criteria. Thus the proposed PWM is capable of generating any frequency combination output 
for use in wide speed control of the two-motor drive system. 
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•Appendix 1; Motor Data 
Rg =10Q;Rr =6.3fi;L5 ^0A6Vi;Lj. =0.46H,L,^ =0.42;P = 4;J = 0.03;B = 0.0001; 
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Chapter 5 
Six Phase Voltage Source Inverter-Modelling and 
Control for Quasi Six-phase single motor Drive 
5.1 INTRODUCTION: 
Many industrial applications require precise control algorithms of power electronic 
converters. Growing interest is found towards the Pulse width modulation techniques for 
power inverters. This chapter describes the modelling and control techniques for a six-phase 
voltage source inverter feeding a quasi six-phase machine. A quasi six-phase machine is 
constructed from two three-phase windings set with a phase displacement of 30° between 
two sets of winding with two separate neutral points. The space vector model is developed 
and reported, followed by the description of different control algorithms. The space vector 
model obtained is decomposed into the three orthogonal sub-spaces namely d-q, x-y and two 
zero sequence components. This is owing to the fact that a quasi-six phase system is dealt 
herewith and thus there exist two orthogonal planes and two planes correspond to the zero 
sequence components. The zero sequence components are further neglected because the 
neutrals n\ and m are assumed isolated. The space vector model suggest 64 space-vectors 
out of which 60 are active and four zero. These vectors are further used to develop 
modulation strategies of the six-phase inverter. At first simple carrier-based PWM scheme is 
discussed which is based on the comparison of high frequency triangular carrier-wave and 
the sinusoidal modulation signals. Third-harmonic injection in the modulation signal leads 
to enhanced output in a three-phase VSI. This concept is extended for a five-phase VSI, 
elaborated in Chapter 3. This is further employed in six-phase inverter and detailed in this 
chapter. This is followed by the review of the existing space vector PWM technique 
employed for single motor drive system. A new proposal is given for the voltage 
modulation of six-phase voltage source inverter with quasi six-phase output. The proposed 
modulation is the extension of the concept employed in three-phase voltage source inverters, 
termed as "Time Equivalent PWM". The proposed modulation is quite simple in real time 
implementation when compared to the existing space vector PWM. Finally the artificial 
neural network based PWM is developed and reported. The ANN based PWM r^ies on the 
concept of Time equivalent PWM. The complete simulation model is also provided using 
Matlab/Simulink. 
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A variety of modulation techniques for quasi-six phase inverters have been 
developed in the recent past [Gopakumar et al (1993), Zhao and Lipo (1995), Bakshai et a! 
(1998), Ching and Yang (2004), Marouni et al (2008), Bojoi et al (2003), (2004), (2005), 
(2006), Hadiouche et al (2003), Federico et al (2009)]. Among many modulation strategies, 
space vector pulse width modulation techniques have received more attention from the 
researchers. For the AC machine drive application, full dc bus voltage utilization is 
important in order to achieve maximum torque under all operating conditions. This is 
achieved by utilizing the space vector PWM to control the feeding inverter. Nevertheless, 
the output of space vector PWM inverter contains lower order harmonics. It is ijjijjc t^ed in 
the literature that it is not possible to completely eliminate these low-sf^ 3er harmonicslna^' 
quasi-six phase inverter [Levi (2008)]. _ .^' suju- "^f) } >2-/ '.-^ 
This chapter thus proposes an alternative voltage modulatK>n^ m e^thod to provide'. " 
sinusoidal output with improved dc bus utilization. The major contribution or the proposed 
modulation technique is to offer higher dc bus utilisation compared to the carrier based 
PWM and equal to the value obtainable with the space vector PWM and provide completely 
sinusoidal output similar to the carrier based PWM. In this chapter, a novel voltage 
modulation scheme is described. From the concept of "etYective voltage" similar to Chung et 
al (1998), the actual switching time for each inverter legs are deduced directly in a simple 
form. The proposed PWM method has the high performance voltage generation capability 
exactly same as the conventional space vector PWM method. 
5.2 MODELING OF SIX-PHASE VOLTAGE SOURCE INVERTER FOR QUASI 
SIX-PHASE OUTPUT 
The power circuit of a six-phase VSI is shown in Fig. 5.1. Each switch consists of a 
power switching device such as IGBT or MOSFET in parallel to a snubber circuit. Since six 
dependent currents can flow in a general case, therefore, this is a six dimensional system. 
The Fig. 5.2 shows the phasor diagram of phase to neutral voltage for quasi-six phase 
system. Thus modelling and control problems of such system must be addressed from the 
point of six dimensional spaces. The inverter input dc voltage is treated as constant. The 
load is star-connected (dual three-phase) with isolated neutrals as shown in Fig. 5.1. The 
inverter output phase voltages are denoted in Fig. 5.1 with lower case symbols (a„b,c,d,ej), 
while the pole voltages have symbols in capital letters {A,B,C,D,E,F). 
wmm^^ 
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Vdc<^ 
a^ 32 b i>2 |ci Icj 
Load 
* • • • 
Fig. 5.1 Power circuit of asymmetrical six-phase voltage source inverter 
<\:„ 
• * . , 
± 
Fig. 5.2. Phasors of phase-to-neutral voltages for quasi six-phase system 
The relationship between the inverter phase-to-neutral voltages and inverter pole voltages is 
obtained as; 
»'„ ^ (5 / 6>'.^ - (l / 6Xv« + V,. + Vi, + V,; -r V,:) 
'•/, = (5/6>'« - (l /6Xv^ + vr + v/, -I- v,.. + v/..) 
IV = (5/6>v - ( l /6Xv.^ + v« -(• v„ + V,. + v,.) 
v</ = ( 5 / 6 > ' „ - ( l / 6 X v 4 + v« + vV. + )v + V;..) ( 5 . 1 ) 
' ' . = (5 / (>)vi.. - (l / 6Xv 4 + v« + \Y+ V,) + V,.-) 
Vf = (5 / (,)v,. - (l / 6Xv.j + v« -(- V,. -I- v/, -t- V;.) 
where the inverter pole voltages take the values of± 0.5 F . 
In general, an n phase two level VSi has a total 2" number of switching states. 
Therefore for a six-phase VSI, total number of switching states is 64, in which four are zero 
vectors and the remaining 60 are active vectors. By using decoupling transformation matrix 
given in (5.2) each voltage vector can be decomposed into three orthogonal two dimensional 
subspaces d-q, x-y and zero sequence planes. The zero sequence components are equal to 
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zero because the neutrals n\ and «2 are assumed isolated. Thus this pair of vectors is omitted 
from further discussion. The modulation techniques thus confines to the two remaining 
orthogonal sub-spaces d-q and x-y. 
[T]. 
I cos(6') cos(4^) cos(5<9) cos(8<9) cos(9(9)' 
0 sin(6') 510(4/9) sin(5<9) sin(&9) sin(9(9) 
1 cos(5d) cos(8^) cos(e) cos(4e) cos(9e) 
0 sin(5^) sin(8(9) sin(6l) sin(4^) sin(9(9) 
1 0 I 0 I 0 
0 I 0 I 0 1 
(5.2) 
^d(i 
V 
-xy 
-{v^ +gs^, +a v^ a vj+a Vg + a v /•) 
2^ 5 8 4 9 ^ 
6 
(5.3) 
(5.4) 
where g_= exp(n/6). Fig. 5.3 represents the space vector repriesentation of all the vectors in 
d-q axis and Fig. 5.4 represents in x-y axis. All the zero vectors are at the origin so that a 
vector can be represented in six dimensional space. As shown in figures 5.3 & 5,4, 
according to the largest vectors lie at the vertices of the polygon there are total twelve n 16 
radian sectors. The magnitude and phase angle of vectors in d-q and x-y are listed in Table 
1. 
Fig. 5.3 Space vector representation of all the vectors in d-q axis 
©MohdArifKhan Page 79 
Chapter 5; Six phase Voltage Source Inverter-Modelling and Control for Quasi Six-phase Single Motor Drive I 2 0 1 0 
Fig. 5.4 Space vector representation of all the vectors in x-y axis 
Table 1. Magnitude and angle of the vectors in d-q and .v->' axis 
Decimal 
value 
0 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
Binary 
value 
000000 
000001 
000010 
000011 
000100 
000101 
000110 
000111 
001000 
OOIOOI 
OOIOIO 
001011 
001100 
001101 
001110 
001111 
010000 
010001 
OIOOIO 
010011 
d-q axis 
magnitude 
(p.u.) 
0 
0.3333 
0.3333 
0.6439 
0.3333 
0.3333 
0.4714 
0.6439 
0.3333 
0.1725 
0.3333 
0.4714 
0.6439 
0.4714 
0.6439 
0.6439 
0.3333 
0.3333 
0.1725 
0.4714 
angle 
(degree) 
0 
-90 
-120 
-105 
150 
-150 
-165 
-135 
120 
-165 
180 
-135 
135 
165 
165 
-165 
30 
-30 
-45 
-75 
x-y axis 
magnitude 
(p.u.) 
0 
0.3333 
0.3333 
0.1725 
0.3333 
0.3333 
0.4714 
0.1725 
0.3333 
0.6439 
0.3333 
0.4714 
0.1725 
0.4714 
0.1725 
0.1725 
0.3333 
0.3333 
0.6439 
0.4714 
angle 
(degree) 
0 
-90 
120 
-165 
30 
-30 
75 
45 
-120 
-105 
180 
-135 
-45 
-75 
105 
-105 
150 
-150 . 
135 
165 
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20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
010100 
010101 
010110 
010111 
011000 
011001 
011010 
011011 
011100 
011101 
011110 
011111 
100000 
100001 
100010 
100011 
100100 
100101 
100110 
100111 
101000 
101001 
101010 
lOIOII 
lonoo 
101101 
lOlUO 
lOlIll 
110000 
110001 
IIOOIO 
noon 
110100 
110101 
110110 
110111 
111000 
111001 
inoio 
111011 
111100 
llllOI 
lllllO 
l i n n 
0.3333 
0 
0.1725 
0.3333 
0.4714 
0.1725 
0.1725 
0.1725 
0.6439 
0.3333 
0.4714 
0.3333 
0.3333 
0.4714 
0.3333 
0.6439 
0.1725 
0.1725 
0.1725 
0.4714 
0.3333 
0.1725 
0 
0.3333 
0.4714 
0.1725 
0.3333 
0.3333 
0.6439 
0.6439 
0.4714 
0.6439 
0.4714 
0.3333 
0.1725 
0.3333 
0.6439 
0.4714 
0.3333 
0.3333 
0.6439 
0.3333 
0.3333 
0 
90 
-148.8 
165 
-120 
75 
45 
105 
-105 
105 
120 
135 
180 
0 
-45 
-60 
-75 
75 
-75 
-135 
-105 
60 
-15 
135 
-90 
105 
135 
150 
-150 
15 
-15 
-15 
-45 
45 
0 
15 
-60 
45 
15 
30 
-30 
75 
60 
90 
180 
0.3333 
0 
0.6439 
0.3333 
0.4714 
0.6439 
0.6439 
0.6439 
0.1725 
0.3333 
0.4714 
0.3333 
0.3333 
0.4714 
0.3333 
0.1725 
0.6439 
0.6439 
0.6439 
0.4714 
0.3333 
0.6439 
0 
0.3333 
0.4714 
0.6439 
0.3333 
0.3333 
0.1725 
0.1725 
0.4714 
0.1725 
0.4714 
0.3333 
0.6439 
0.3333 
0.1725 
0.4714 
0.3333 
0.3333 
0.1725 
0.3333 
0.3333 
0 
90 
-148.8 
105 
120 
-165 
-135 
165 
-165 
165 
-120 
135 
180 
0 
-45 
60 
-15 
15 
-15 
45 
15 
-60 
-75 
135 
-90 
-15 
-45 
30 
-30 
75 
-75 
105 
135 
45 
0 
75 
60 
-135 
-105 
150 
-150 
15 
-60 
90 
180 
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5.3 PULSE WIDTH MODULATION TECHNIQUES OF A SIX-PHASE VSl 
It is shown in Kelly et a! (2003) and Dujic (2009) that for an n phase Inverter, the 
minimum («-l) numbers of vectors are required to synthesize the Input reference and the 
output obtained is sinusoidal in nature. Therefore, following the same principle for a six-
phase inverter minimum number of vectors required for sinusoidal output Is six. This section 
describes the PWM techniques employed for controlling a quasl-six phase voltage source 
inverter. 
There are numerous methods of choosing vectors so that they have maximum 
amplitude on d-q axis and minimum amplitude on x-y axis [Bakshai et al (1998), Ching and 
Yang (2004)]. In the most simple form of space voltage PWM, only those switching states 
vectors, which lie at the vertices of the polygon as shown in Fig. 5.3 are employed to 
synthesize the reference vector {V*). Two active vectors of largest length and zero vectors 
are used during one sampling interval [Jones and Levi (2002)]. This is similar to the one 
used in a three-phase VSl. However, this scheme when employed in a six-phase VSl leads to 
unwanted low-order harmonics due to the presence of the space vectors in x-y plane. 
Another method is the vector space decomposition scheme proposed by Zhao and 
Lipo (1995), In this method four adjacent voltage vectors are always selected which spans 
the outer most polygon on the d-q plane according to the position of the reference voltage 
vector V, the fifth vector Is chosen from the zero vector located at the origin of the d-q 
plane as shown In Fig. 5.3. Space vector PWM strategy is accomplished by the following 
equation 
n 
y,r >-„' 
": 
y.' 
K' 
1 
v/ 
K; 
y/ 
V.' 
1 
y,iT. 
K,'TS 
0 
0 
. ^ v (5.5) 
Where K/ is the projection of the A"' voltage vector on the .v axis and Tk Is the dwell time of 
that vector during time Interval 7;. The quantities V/ and F,* are the d-q plane reference 
voltages. During each sampling period 7i, a set of five voltage vectors must be chosen to 
guarantee that each Tk has positive and unique solution. Although the current harmonics are 
suppressed but the computation time required to implementing this method is considerably 
large. 
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Three largest vectors and one smaller vector, used in vector classification algorithm 
Bakshai et al (1998), is referred as a generalized conventional SVPWM. The vectors used in 
SPWM and the SVPWM method based on unified modulation method proposed by Ching et 
al (2004), where three largest vectors and two smaller vectors are chosen automatically. The 
implementation of this scheme is easier but the drawback of this method is higher switching 
losses. 
Another method proposed by Marouani et al (2008), PWM strategy based on 24 
sectors. This technique combines the maximum magnitude d-q plane voltage vectors and the 
ones with half magnitudes. These voltage vectors divide the d-q plane into twenty four 
n l\2 radian sectors. In each sampling period, the reference voltage vector is achieved by 
selecting a set of three voltage vectors among those have maximum magnitude and fourth 
vector among the ones with half magnitude. This method once again suffers from the 
drawback of larger computational time. 
Existing PWM Techniques 
1. Carrier based sinusoidal PWM 
Proposed PWM Techniques 
2. Harmonic injection based pulse width modulation scheme 
3. Offset addition based pulse width modulation scheme 
4. Time equivalent space vector pulse width modulation (TESVPWM) scheme 
5. Artificial neural network based space vector pulse width modulation. 
5.3.1 CARRIER BASED SINUSOIDAL PULSE WIDTH MODULATION SCHEME 
The normalised peak value of the triangular carrier wave is ±0.5 in linear region of 
operation. Modulator gain has the unity value while operating in the linear region and peak 
value of inverter output fundamental voltage is equal to the peak value of the fundamental 
sinusoidal signal. Thus the maximum output phase voltages from a quasi-six phase VSI are 
limited to 0.5 p.u. Thus the output phase voltage from a three-phase and a quasi-six phase 
VSI are same when utilising carrier-based PWM. Fig. 5.5 shows the principle of carrier 
based PWM signal for six-phase voltage source inverter and Fig. 5.6 shows the PWM 
waveform generation in Carrier-based Sinusoidal method. Matlab/Simulink model is 
developed and the simulation results are illustrated in Fig. 5.7. The dc link voltage is kept 
unity so that the results are in per unit. The switching frequency is kept 5 kHz. The 
fundamental frequency is kept 50 Hz. The output voltage is 0.5 p.u. Fig. 5.7(a) shows the 
©Mohd. Arif Khan Page 83 
Chapter 5: Six phase Voltage Source Inverter-Modelling and Control for Quasi Six-phase Single Motor Drive I 2 0 1 0 
filtered output voltages and Fig 5.7(b) shows the harmonic spectrum for the phase 'a' 
voltage. 
Va' 
Vb' 
Vd' 
v/ 
6r 
Zero-sequence 
Signal calculator 
Vb 
irio 
5v 
5V 
Vrf 
Vc 
''f 
ffi 
nib 
m. 
5 ^ 
^ ^ > ^ 
nid 
ntg 
ntf 
Carrier signal 
Fig. 5.5 Principle ofcarrier based PWM signal for six-phase VSI 
Modulating 
signals 
nib 
rrtd 
nig 
Fig. 5.6 PWM waverorm generation in Carrier-based Sinusoidal method 
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0.03 0.035 
Time(sec) 
10 
Frequency (Hz) 
(b) harmonic spectrum phase 'a' voltage (a) Filtered output voltage 
Fig. 5.7 Simulation results of the carrier based PWM scheme 
5.3.2 HARMONIC INJECTION BASED PULSE WIDTH MODULATION SCHEME 
Third harmonic injection in three-phase VSI leads to an increase in the DC bus 
utilization in the linear region. A generalised concept in the «''' harmonic injection for n 
phase inverter [Iqbal and Levi (2006)] is applied here to the six phase VSI. Aim here is to 
bring the amplitude of the reference leg voltages as low as possible, so that the reference can 
then be further pushed to make it equal to the carrier, resulting in the higher output voltage 
and better DC bus utilisation. Optimal level for the n''' harmonic component is found from 
[Iqbal and Levi (2006)]; 
^n=±7^^«(i^) (5.6) 
where (5.6) takes the positive sign for n = (3, 7, II, 15...) and negative sign for n = (5, 9, 
13, 17...). Thus, for a six-phase system, the third harmonic is in phase with the fundamental 
and has the amplitude (because sixth harmonic is even and cannot be consider for the 
injection) 
K3 = ± 7 s i n ( ^ ) « 0.08627 * V^ (5.7) 
With zero sequence signal defined by 
Vno = V3sinO(ot) (5.8) 
The resulting modulating signal has the form (phase a) 
Va= Ml* 0.5 VocSiniaJt) + 0.08627 * M^ * 0.5 VDcSiM3(ot) (5.9) 
In the linear region for maximum value of modulation index |Ua(OI = 0-5VDC (5.10) 
General expression for maximum possible modulation index in the linear region in. case of 
n"* harmonic injection has the form 
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Mn= +• (5.11) 
From where it can be found that maximum value of the modulation index is 1.0352. This is 
an increase of 3.52% in the DC bus utilization when compared to sinusoidal PWM. 
Matlab/Simulink simulation is carried out to validate the above discussion. The 
simulation conditions are kept same as section 5.3.1 and the resulting waveforms are as 
shown in Fig. 5.6 (a) shows the filtered output voltage after connecting the R-L load at the 
output terminals. Fig. 5.6 (b) shows the harmonic spectrum for the phase 'a' voltage and Fig 
5.6 (c) shows the modulating signal after adding the third harmonic injection with the 
reference signal. It is evident from Fig. 5.6 (c) that the amplitude of the reference 
modulating signal reduces offering more room for enhancing the modulation index without 
moving into the over modulation region. Simulation results can be further shown for higher 
modulation index but is omitted here. 
0.5 
Q) 
^ 0 
'c 
D) 
TO 
•°t^ 
xx 
•"VWW"***?*^ •'WftWl'^^rt*^ 
02 0.025 0.03 0.035 
Time(sec) 
(a) Filtered output voltage 
0.5 
0.4 
0.3 
•g.(?.02 0.03 0.04 0.05 0.06 0.07 0.08 
Time (sec) 
0.04 Q. 10 10 
Frequency(Hz) 
(b) haiTiionic spectrum phase 'a ' voltage 
0.035 0.04 0.03 
Time(sec) 
(c) Modulating signal after the harmonic injection 
Fig. 5.6 Simulation results of the harmonic injection based PWM scheme 
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5.3.3 OFFSET ADDITION BASED PULSE WIDTH MODULATION SCHEME 
Another way of increasing the modulation index is to add an offset voltage to the 
references leg voltages or the modulating signals. This will effectively do the same function 
as above. 
The offset voltage is given as ^,i=—""" "*" '"" (5-12) 
where v,„a, = max {va,Vb,Vc,vj,Ve,vJ) and v„„„ = min iva,Vb,Vc,vj,Ve,vj) Note that this is the same 
as for a three-phase inverter. The simulation results are as shown in Fig. 5.7. 
0.6r 
0.02 0.03 0.04 
Time(sec> 
(a) Offset signal 
0.05 0.06 0.02 0.025 0.03 0.035 
Time(sec) 
(b) modulating signals 
0.04 
0.02 
02 0.03 0.04 0.05 0.06 0.07 0.08 & b 
Time (sec) 
0.025 , 0.03 
Time (sec) (c) Filtered output current 
0.035 
| 0 . 6 
I" 
I ° 1 n, ^^  10^ 10' Frec|uency(Hz) 10' 10= 0.04 Q- 10' 
(d) harmonic spectrum phase 'a' voltage 
Fig. 5.7 Simulation results of the ofl'set addition based PWM scheme 
Fig. 5.7 (a) shows the calculated minimum and maximum value of the offset signal 
and the triangular offset signal which is then added to the reference signal and becomes 
modulating signal as shown in fig. 5.7(b). Then it is compared with the high frequency 
carrier wave. The filtered output voltage after connecting a six-phase R-L load at the output 
GMohd.ArlfKhan Page 87 
Chapter 5: Six phase Voltage Source Inverter-Modelling and Control for Quasi Six-phase Single Motor Drive 2010 
terminals is shown in Fig. 5.7(c) and Fig. 5.7 (d) shows the harmonic spectrum of the phase 
'a' of the output voltage. Expected results are obtained from the simulation model. 
5.3.4 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM) 
In the proposed algorithm the reference voltages are sampled at fixed time interval 
equal to the switching time. The sampled amplitudes are converted to equivalent time 
signals. The time signals thus obtained are imaginary quantities as they will be negative for 
negative reference voltage amplitudes. Thus a time offset is added to these signals to obtain 
the gating time of each inverter leg. This offset addition centres the active switching vectors 
within the switching interval offering high performance PWM similar to SVPWM. The 
algorithm is given below. Where Vx; x=a,b,c,cl,e,f, is the sampled amplitudes of reference 
phase voltages during sampling interval and T, is the inverter switching period. Tx; 
x=a,b,c,d,e,f; are referred as time equivalents of the sampled amplitudes of reference phase 
voltages. T„,ax and r,„m are the maximum and minimum values of Tx during sampling 
interval. To is the time duration for which the zero vectors is applied in the switching 
interval. Toffsei is the offset time when added to time equivalent becomes gating time signal 
or the inverter leg switching time TgxX^a,b,c,d,e,f. 
Algorithm of the proposed TESVPWM: 
1. Sample the reference voltages Va. Vb, V,-, Vj. Vc & V/ in every switching period Ts. 
2. Determine the equivalent times T/.r?. Tj.Tv, Ts & Ts given by expression, where x 
a,b,c,d,e andf; ^xs ^xs ^ 
'S 'max "•• 'min 
3. Determine 0^^ 5^ ,; 'offset In/fial — ~ ' 
^'dc 
4. Then the inverter leg switching times are obtained as 
^gx = Y^ "•" '^offset; X = a,b,c,d,e andf 
Fig. 5.8 shows the principal of Time Equivalent method for asymmetrical six-phase, 
if one fundamental cycle of modulating signal is divided into ten equal parts (sectors) and 
sampling is done in the first part then the equivalent mathematical analysis for first part is 
given below and on the basis of this analysis the equivalent switching wave form is shown 
in Fig. 5.9. The proposed TESVPWM is simulated using Matlab/Simulink model and the 
simulation results are shown in Fig. 5.10. The asymmetric six-phase voltage is provided 
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with amplitude equals to ± 0.5 VDC and VDC is kept unity. The switching frequency is 
chosen equal to 5 KHz. 
For Sector 1 
T^..=T„.Tr^\n=Td. (5.13) 
r, =7;, -TjJ^ =Tj -T,: T,=T, -Ty. T,=T,-T,:T,^T,-Ty. (5.14) 
T'o-r,-r^,,,,,„,,; (5.16) 
T T 
7'„,,.=f-7'.„.„=-^-r„; (5.17) 
T,. =L + V - =^" + 7 - 7 ^ . = Y + 7'. +7^ 2 +n+T, +T, (5.18) 
T,.=T, +7-,,,,.., =r, +^-T„ =^ + T, +T, +T,: (5.19) 
T,.- = T + r„,,,, = r, + ^  - r, = ^  + r,; (5.20) 
T,„=T,+T,„,.,=T,+^-T,=^: (5.21) 
7-,. = T, + r,,,,,, = r, + ^  - r, = ^  + r, + r,; (5.22) 
T'.v ^T'. + V . =T^+J-L =^ + T, +T,+T, +T,; (5.23) 
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Fig. 5.10 Simulation results of the proposed TESVPWM based scheme 
Fig. 5.10(a) shows the harmonic spectrum for the output phase 'a' voltage and Fig. 
5.10 (b) shows the filtered output voltage after connecting a six-phase R-L load at the output 
terminals. Fig. 5.10 (c) shows the offset time signals as calculated after the mathematical 
analysis; it shows both the maximum value as well as the minimum value for the offset and 
the offset time signal. Fig. 5.10 (d) shows the net modulating signals after adding the offset 
signal to equivalent time signal for each phase. 
From the switching waveform of Fig. 5.9, for first part the space vectors used are 
32,33,49,51 and 59 for the implementation of modulation scheme. Their positions in the d-q 
plane can be seen in Fig. 5.3 and in x-y plane in Fig. 5.4. The vectors used in all the sectors 
and their order of switching are given in Table 2. 
©Mohd. Arif Khan Page 91 
Chapter 5: Six phase Voltage Source Inverter-Modelling and Control for Quasi Six-phase Single Motor Drive I 7 0 1 0 
Table 2 - Vectors used for SVPWM in different sectors 
Sector No. 
1 
2 
3 
4 
5 
Vectors 
32,33,49,51,59 
32,48,49,51,59 
16,48,56,60,61 
16,24,56,60,61 
8,12,28,60,62 
Sector No. 
6 
7 
8 
9 
10 
Vectors 
4,12,14,30,31 
4,12,14,15,31 
2,3,7,15,47 
2,3,7,39,47 
1,3,35,51,55 
5.3.5 ARTIFICIAL NEURAL NETWORK BASED SPACE VECTOR PULSE WIDTH 
MODULATION 
The ANN based space vector PWM technique for a five-phase isolated neutral load 
of a voltage fed inverter is already discussed in chapter 3. This section describes the ANN 
PWM based on TESVPWM scheme. The reference signal in TESVPWM is taken as input 
neuron values and the modulating signals in TESVPWM scheme is taken as the target 
values. Then the Matlab neural network tool is used for the training and simulation purpose 
which is later formed the ANN block for the above scheme. There are three layers in the 
neural network, one is input layer with six neurons, one hidden layer with ten neurons and 
one output layer with six neurons. The simulation results for quasi-six phase voltage source 
inverter are shown in Fig. 5.11. and Fig. 5.12 shows the neural network topology for the 
scheme. 
h 
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Fig. 5.16 Neural Network Topology lor SVM of a quasi-six phase VSI 
EXPERIMENTAL INVESTIGATION 
Experimental investigation is performed to implement the proposed scheme for a six-
phase VSI for quasi six-phase output. The DC link is paralleled to make it common for all 
the modules. The Texas Instrument DSP TMS320F2812 has a provision of generating six 
PWM signals per event manager. There are two event managers A & B. Each unit having 
full'compare units thus we can generate 12 PWM signals. Thus Fig 5.17 shows the 
experimental setup for the quasi-six phase voltage source inverter and the Fig 5.18 shows 
the block schematic of a DSP based quasi-six phase voltage source inverter. Fig. 5.19 and 
Fig. 5.20 shows the experimental results of a DSP based six-phase VSI. For the 
experimental investigation the DC link voltage for the machine is kept at 100 volts and the 
fundamental frequency is 25 Hz of the output. Fig 5.19(a) shows the filtered PWM signals 
and 5.19 (b) shows the harmonic spectrum of the phase "a" voltage. Fig 5.20(a) shows the 
output of the PWM inverter and Fig. 5.20(b) shows the switching waveforms of the PWM 
signals. 
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Fig. 5.17 The quasi-six phase voltage source inverter set-up 
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Fig. 5.18 Block schematic of a DSP based quasi-six phase VSi. 
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Chapter 6 
Six-Phase Voltage Source Inverter Supplying Quasi 
Six-Phase Series Connected Two-Motor Drive System 
6.1 INTRODUCTION: 
The application areas of multi-phase drive systems are in high power range, such as 
ship propulsion, electric and hybrid electric vehicles, aircraft applications and safety critical 
application where higher redundancy are required [Levi (2008)]. One of the interesting 
applications of the multi-phase machines are in the two-motor drive system where each 
machine is with open-end stator and their windings are connected in series and supplied 
from a single inverter as discussed in the previous chapters. The open-end of the second 
machine are tied together to form the neutral. It is a general concept where stator windings 
of w numbers of machines can be connected in series with appropriate phase transposition 
and each machine can be controlled independently while feeding them from a single multi-
phase voltage source inverter, the detail analysis of such configuration is given in Levi and 
Jones (2003), Levi et al (2004). A specific case of five-phase two-motor drive is elaborated 
in Levi et al (2007), Iqbal et al (2005), Jones et al (2005), six-phase two-motor drive is 
presented in Silva et al (2009), Levi and Jones (2005). Jones et al (2005) where a 
symmetrical six-phase machine (60° phase displacement with single neutral point) 
connected in series with a three-phase machine is described, six-phase two-motor drive is 
illustrated in Mohapatra et al (2004), (2005), where two quasi six-phase machines are 
connected in series. Similar to series connection of multi-phase machines, parallel 
connection are also possible with independent control of each machine and supplied from 
one inverter. Such configurations are presented in Jones et al (2006) and Jones et al (2009). 
The series-connected multi-motor drive increases the copper losses of both machines and 
thus lowers the efficiency. However, it is suggested that for special applications where the 
load requirement is such that all the motors are not fully loaded simultaneously, this 
technique is beneficial. One such application is identified as Winder drive where winding 
and unwinding reels have different operating conditions [Jones et al (2004)]. When winding 
reel is under full load, the unwinding reel is under no-load and vice versa. Only one situation 
arises when both are under same load condition which is at half load. Thus two five-phase or 
two six-phase drive can be used in such situations. 
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The inverter feeding such multi-motor drive system requires appropriate PWM 
control. Carrier-based and space vector PWM are once again considered as the best control 
practices for use in such applications [Dujic et al (2008), Casadei et al (2008), Iqbal and 
Levi (2006), Iqbal et al (2006)]. Nevertheless, it is important to emphasize here that 
implementation of space vector PWM in multi-phase system is much more computational 
intensive because of the presence of large number of space vectors. On the other hand 
carrier-based PWM does not fully utilize the available dc bus. Thus this chapter emphasis on 
the development of simple voltage modulation technique where the dc bus utilization is 
equal to that of the space vector PWM and the implementation is as simple as carrier-based 
PWM scheme. Hence, the proposed PWM scheme combines the advantages of the two 
popular PWM schemes. Another aspect to be highlighted here is that the developed PWM 
scheme is independent of the machine types being used for the multi-motor drive 
connection. Moreover, since the PWM control of inverter for multi-motor drive 
configuration is independent of the connection type i.e. series or parallel, the technique 
developed in this chapter is applicable to both topologies. 
In this chapter, simple voltage modulation scheme is described from the concept of 
"effective voltage" similar to the one used in Kim and Sul (1995) and later on applied to 
multi-level three-phase inverter in Kanchan et al (2005). The same scheme is extended in 
this chapter for application to six-phase inverter feeding two series-connected six-phase 
machines. The actual switching time for each inverter legs are deduced directly in a simple 
form in the proposed PWM scheme. The real time implementation of this scheme is 
extremely simple and the computational burden is minimal for the DSP. Simulation and 
experimental approach is used. 
6.2 QUASI SIX -PHASE SERIES-CONNECTED TWO-MOTOR DRIVE 
The drive structure investigated in this chapter consists of two quasi six-phase (any 
type), a six-phase voltage source inverter. The two quasi six-phase machines have open-end 
stator windings. The input of first machine is connected to the six-phase voltage source 
inverter, the output is connected to the input of the second machine and the output of the 
second machine is shorted to form two star points. The stator windings of the two machines 
are required to be connected with appropriate transposition to obtain independent control of 
the two machines. The basic technique is to make the d-q component of one machine to act 
as x-y component and vice versa to obtain decoupled dynamic control of the machines in the 
same group. Further, it is to be noted that the type of machines is irrelevant from control of 
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point in this case since the inverter has to generate two frequency output (for two-motor 
drive) corresponding to the operating fundamental frequency of each machine. The block 
schematic of the control structure is depicted in Fig. 6.1. 
The reference speeds of each motor and the actual motor speeds are fed to the vector 
controller which generates the desired reference currents. These currents are then summed 
up as per the connection rule given in Table 1. The reference inverter currents are then given 
to the current controller block which performs current control either in stationary reference 
frame or rotating reference frame. If the current control is performed in the rotating 
reference frame the controller generates the desired magnitude of the voltage to be 
impressed to the stators of the machines and the location of the reference voltage. These 
information are required by the space vector PWM block to generate the required voltages to 
be imposed to the machine terminals. Finally the required voltages are applied to the stator 
of the first machine. The second machine obtains the voltages after transposition as per 
Table I. The current and speed sensors are needed to perform closed-loop control. The 
speed sensors may be avoided in motion sensorless drive. There are two possibilities of 
connecting the stator windings of the machines to obtain their independent control, one is 
given in Table I. The other possibility is available in Levi and Jones (2003) is shown in Fig. 
6.2 and the connectivity matrix is given in Table 2. The voltage modulation scheme is 
developed in this chapter encompasses both the connection schemes as illustrated in the next 
section. The controller structure remains the same except the method of summing up the 
voltage and currents which are as per the rules defined by Table I and Table 2. 
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Fig. 6.1 Series-conneclion of two quasi six-phase machines scheme 1 
Table I Connectivity matrix for the quasi six-phase drive Scheme 
Ml 
M2 
A 
1 
5 
B 
2 
6 
C 
3 
4 
D 
4 
1 
E 
5 
2 
F 
6 
3 
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Fig 6.2 Series-connection of two quasi six-phase machines scheme 2 
Table 2 Connectivity matrix for tiie quasi six-phase drive scheme 2 
Ml 
M2 
A 
1 
1 
B 
2 
3 
C 
3 
2 
D 
4 
5 
E 
5 
4 
F 
6 
6 
6.3 INVERTER CONTROL METHODS 
The inverter control technique depends upon the machines requirements as current 
controlled or voltage controlled. For current controlled motor drive the simplest approach is 
hysteresis or alternatively ramp comparison or carrier-based control. For voltage controlled 
drive the most popular is the space vector PWM approach. The maximum achievable output 
for carrier based scheme is 0.5 V^c for a six-phase VSl. The following schemes are applicable 
for the six-phase voltage source inverter supplying quasi six-phase series connected two 
motor drive system. 
1. Carrier based pulse width modulation scheme 
2. Offset addition based pulse width modulation scheme 
3. Time equivalent space vector pulse width modulation (TESVPWM) scheme 
4. Artificial neural network based space vector pulse width modulation. 
6.3.1 CARRIER BASED PULSE WIDTH MODULATION SCHEME 
As in the case of three-phase VSl the principle of carrier-based PWM is also 
applicable to a multi-phase VSl. The PWM signal is generated by comparing a sinusoidal 
modulating signal with a triangular (double edge) or a saw-tooth (single edge) carrier signal. 
Matlab/Simulink model is developed and the simulation results are illustrated in Fig. 6.3 and 
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Fig. 6.4. The DC link voltage is kept unity so that the results are in per unit. The switching 
frequency is kept 5 kHz. The fundamental frequency is kept 25Hz and 50 Hz for both the 
machine. 
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(a) Filtered output voltage 
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Frequencv(Hzl 
(b) harmonic spectrum phase "a' voltage 
Fig. 6.3 Simulation results of the carrier based PWM scheme for scheme I 
Harmonic component in Fig.6.3 (b) shows that the phase voltage have two frequency 
components i.e. at 25 Hz with a magnitude of 0.1178 p.u. rms (0.1666 peak) and at 50 Hz 
with a magnitude of 0.2355 p.u. rms (0.3331 peak). 
016 
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(b) harmonic spectrum phase "a' voltage 
Fig. 6.4 Simulation results of the carrier based PWM scheme for scheme 2 
Harmonic component in Fig.6.4 (b) shows that the phase voltage have two frequency 
components i.e. at 25 Hz with a magnitude of 0.1181 p.u. rms (0.1670.peak) and at 50 Hz 
with a magnitude of 0.2353 p.u. rms (0.3328 peak). 
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6.3.2 OFFSET ADDITION BASED PULSE WIDTH MODULATION SCHEME 
An offset voltage is Injected into the summed leg voltage references, which are then 
compared with a triangular carrier wave to generate switching pulses for the power 
semiconductor devices. The offset voltage is given by 
V +V 
1/ _ maN mm 
*^ otfi-sl — « (6.1) 
The peak of the carrier wave is taken here as +Vdc (i.e. 1 p.u.) in contrast to +0.5Vdc (0.5 
p.u.) for a single motor drive case. The peak of carrier has been doubled (compared to single 
motor drive) since the motor is supplying two motor connected in series and the value of DC 
link voltage is set to 2 p.u. Both input references can be increased beyond the limiting value 
of 0.5 p.u. when offset is injected in the summed leg references. The achievable increase in 
the modulation region is attributed to the fact that the overall envelope of the modulating 
signal (refI+ref2+offset) reduces below the limiting value of ±Vdc due to offset voltage. 
This follows the same principle of increase in the dc bus utilisation as for single motor drive. 
The block representation of the offset addition scheme is shown in Fig. 6.5. 
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Fig. 6.5 Block lepresentalion of the offset addition scheme . 
Simulations are performed to prove the viability of presented PWM scheme with offset 
addition. The switching frequency of inverter is set to 5 KHz and the fundamental frequency 
of both set of leg voltages reference is chosen as 25 Hz and 50 Hz. The total dc link voltage 
at the inverter input is 2 p.u. 
Due to phase transformation in the series connection their summation will yield 
twice the individual value. However, offset addition will actually modifies the total inverter 
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leg voltage reference so that the maximum leg voltage reference may appear in a different 
leg. This has been investigated by simulation in details. 
Simulation result shown in Fig.6.6 (b) depicts inverter phase output voltage and its 
spectrum. The sum of reference and offset voltage reduces below the limiting value, while 
the sum of the two references already on reached the limiting value of ±Vdc. The output 
voltage spectrum shows that fundamental is actually composed of two components of 
frequencies at 25 Hz with a magnitude of 0,1335 p.u. rms (0.1887 peak) and at 50Hz with 
magnitude of 0.2647 p.u. rms (0.3743 peak) keeping V/f constant which appear in the 
different planes of the six dimensional spaces. 
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Fig.6.6 simulation results without increasing the modulation index 
By decomposing the instantaneous inverter phase voltages, using Clark's transformation for 
a quasi six-phase system obtains the inverter phase voltages in «-/? plane and x-y plane. The 
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a axis components and x axis components are shown in Fig.6.6 (c). From which it follows 
that the 25 Hz fundamental appears in a-/? plane and 50 Hz fundamental appears in x-y 
plane. These two components control independently two quasi six-phase machines 
connected in series with appropriate phase transposition. Since the total modulating signal in 
Fig. 6.6 (a) is below the limiting value of 1, it is possible to increase the individual 
references of the two machines above 0.5. Only part of this increase is possible due to offset 
addition, while the remainder of the possible increase is associated with the fact that the two 
motor drive actually does not require doubling of the dc link voltage. By performing trial 
and error procedure, it has been established that the maximum value for the reference is 
0.585 p.u. (peak). The inverter leg A voltage reference and the output phase voltage 
spectrum are shown for this condition in Fig. 6.7(a) and Fig. 6.7(b) 
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Fig.6.7 simulation results with increasing the modulation index 
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Inverter output phase voltage shows that fundamental actually composed of two components 
of frequencies at 25 Hz with a magnitude of 0.1559 p.u. rms (0.2205 peak) and at 50Hz with 
magnitude of 0.31 p.u. rms (0.4384 peak) One component controls the first machine at 25 
Hz in a-P plane and other component controls the second machine at 50 Hz in x-y plane. 
6.3.2.1 GAIN IN DC BUS UTILIZATION DUE TO OFFSET ADDITION FOR SCHEME 
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Fig.6.8 Plot of peak of line voltage vs phase shift angle 
The dc link voltage has been set to twice the value required for a single motor drive.in 
simulation. With such a dc voltage it is possible to increase the modulation index upto 
0.585. it is shown in Fig.6.8 (a) shows that the peak values of the line voltages with phase 
transposition is 3.27 and without transposition is 3.8461 peak as shown in Fig. 6.8(b). The 
ratio of these two values is 0.8502 indicating that instead of the dc link voltage of 2 p.u. the 
value of 1.7004 p.u. would have been sufficient. This is a gain of 14.98% gain in DC bus 
voltage. 
FOR SCHEME 2 
Simulation results shown in Fig.6.9 (b) depict inverter phase output voltage and its 
spectrum. The output voltage spectrum shows that fundamental is actually composed of two 
components of frequencies at 25 Hz with a magnitude of 0.1328 p.u. rms (0.1866 peak) and 
at 50Hz with magnitude of 0.2647 p.u. rms (0.3743 peak) keeping VlfconsXzxW. which appear 
in the different planes of the six dimensional spaces. The a axis components and x axis 
components are shown in Fig.6.9(c). 
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Fig.6.9 simulation results without increasing the modulation index 
By performing trial and error procedure, it has been established that the maximum value for 
the reference is 0.5678 p.u. (peak). The inverter leg A voltage reference and the output phase 
voltage spectrum are shown for this condition in Fig. 3 (a) and Fig. 3 (b) 
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Fig.6.10 Simulation results with increase in the modulation index 
Inverter output phase voltage shows that fundamental actually composed of two components 
of frequencies at 25 Hz with a magnitude of 0.1532 p.u. rms (0.2166 peak) and at 50Hz with 
magnitude of 0.3051 p.u. rms (0.4315 peak) One component controls the first machine at 25 
Hz in a-yS plane and other component controls the second machine at 50 Hz in x-y plane. 
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612.2 GAIN IN DC BUS UTILIZATION DUE TO OFFSET ADDITION FOR SCHEME 2 
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Fig.6.11 Plot of peak of line voltage (p.u.) vs phase shift angle (deg.) 
With such a dc voltage it is possible to increase the modulation index upto 0.5678. it is 
shown in Fig.6.11(a) shows that the peak values of the line voltages with phase transposition 
is 3'.4639 and without transposition it is 3.8461 peak as shown in Fig. 6.11(b). The ratio of 
these two values is 0.8965 indicating that instead of the dc link voltage of 2 p.u. the value of 
1.7931 p.u. would have been sufficient. This is a gain of 10.34% gain in DC bus voltage. 
6.3.3 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM) 
In the proposed algorithm the reference voltages are sampled at fixed time interval 
equal to the switching time. The sampled amplitudes are converted to equivalent time 
signals. The time signals thus obtained are imaginary quantities as they will be negative for 
negative reference voltage amplitudes. Thus a time offset is added to these signals to obtain 
the gating time of each inverter leg. This offset addition centres the active switching vectors 
within the switching interval offering high performance PWM similar to SVPWM. The 
algorithm is given below. Where Vx; x=a.b,c,d,e,f; is the sampled amplitudes of reference 
phase voltages during sampling interval and Tj is the inverter switching period. Tx; 
x=a,b,c,c/,e/; are referred as time equivalents of the sampled amplitudes of reference phase 
voltages. T,„a-, and r„„„ are the maximum and minimum values of Tx during sampling 
interval. To is the time duration for which the zero vectors is applied in the switching 
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interval. Lffsei is the offset time when added to time equivalent becomes gating time signal 
or the inverter leg switching time Tgx:X=a,b,c.d,e/. 
A Igorithm of the proposed TES VP WM: 
1. Sample the reference voltages Va. Vh. Vc, Ki. K & V/'m every switching period Ts 
2. Determine the equivalent times T/T:, rj,r«, T6 & Tt given by expression, where x 
T 
a,b,c,d,e andf; ^'^ -^•*' ,/ 
J- _Is_ 'max "*" MTiin 
3. Determine rojTJc; 'offset- 2 I dc 
4. Then the inverter leg switching times are obtained as '•'* ^ '^ '^*'''-
, \ = a,b.c,d,e andf 
Fig. 6.12 shows the principal of Time Equivalent method for asymmetrical six-phase, if one 
fundamental cycle of modulating signal is divided into ten equal parts (sectors) and 
sampling is done in the first part then the equivalent mathematical analysis for first part is 
given below and on the basis of this analysis the equivalent switching wave form is shown 
in Fig. 6.13. The asymmetric six-phase voltage is provided with amplitude equals to ± 0.5 
VDC and Vtx: is kept unity. The switching frequency is chosen equal to 5 KHz. 
For Sector I 
^max=^«'^""'=^' (6.2) 
T^=L-T,.;T,^T,-T,;r,=T,-T,-T,=T„-T,:T,=T,-T; (6.3) 
UfMin ~ 'max ~ ^inm ' ~ ^u ~ ' i ' ( 6 . 4 ) 
T T 
' O ' v • ' i - f t rmv' •'»//«.; " » ''mii, " ^ ^ c •> (0-->) 
T,>,=r,+T,,^„ =T, +I±-T^. . ^ + r, +r^  +r,; • (6.7) 
7-. =7;+/:,,„., = r , .+^ - r^=^ ; (6.8) 
T,, = L + T„,,. =T,-^^-K-^-^T,^T,- (6.9) 
T,.=K+r,,., =T, +I±-T^,=^ + T,+T,^T,^T,; (6.10) 
'^,=T^r+T„,,,,=T,.-,^-T^.^^^T,; (6.11) 
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Fig. 6.12 Principal of TESVPWM for sector 1 
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Fig. 6.13 switching waveforms for sector I using the proposed TESVPWM 
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Simulation results are provided in Fig. 6.14. The harmonic spectrum for phase 'a' voltage 
shown in Fig.6.14 (a) and the output phase 'a' current in R-L load is shown in Fig. 6.14 (b). 
The equivalent modulating signals are depicted in Fig. 6.14 (c) and Fig. 6.14 (d) shows 
equivalent offset time signals calculated according to algorithm. The maximum modulation 
index obtained here is 0.57. 
Table 3 Vectors used for SVPWM in different sectors for scheme I 
Sector No. 
I 
2 
3 
4 
5 
Vectors 
32,34,50.54.55 
32,48,52,54,55 
32,36,52,60.61 
32,40,44,60,61 
8,12,44,45,61 
Sector No. 
6 
7 
8 
9 
10 
Vectors 
8,9,11,29,31 
8,9,11,15,31 
2,10,11,27,31 
2,3,19,23,31 
2,18,19,51,55 
to" 10' 
Ftequeni:v (H;) 
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0 5 
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.1 
.y...4Y...y*i^ .^i..^ ?V---y;---\-;----ai^ y' 
-^^^\,,(™. l^  
1 i 1 1 i i i _. 
\ " 
"V 
'0 0 02 0 02f 0 03 0 035 004 0 045 005 
Time (sec) 
0 055 0 06 
(a) Harmonic spectrum phase "a' voltage (b) Filtered output voltage 
. xlO xlO 
0 02 0 025 0 O: 0035 OOJ 0 045 
Time isec) 
0 05 OO; 006 002 0 025 0 03 0 035 0 04 0 045 
Timefseci 
0 05 0055 006 
(c) Equivalent Modulating signals (d) OfTsct time signals 
Fig. 6.14 Simulation results of the proposed TESVPWM based scheme for schemel 
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Tlie analysis is done for the other connection scheme of Fig.6.2 called scheme 2 whose 
connectivity matrix is given in Table 2. On the basis of above proposed scheme the 
switching waveform for sector I is shown in Fig. 6.15 From the switching waveform of Fig. 
6.15, for first part the space vectors used are 1,7 and 31 for the implementation of 
modulation scheme. Their positions in the d-q plane can be seen in Fig. 5.3 and in x-y plane 
in Fig. 5.4 as given in the previous chapter. 
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Fig.6.15 switching waveforms (or sector I for scheme 2 
Table 4 Vectors used for SVPWM in different sectors for scheme 2 
Sector No. 
1 
2 
3 
4 
5 
Vectors 
1,7,31 
6,7,31 
6,7,31 
6,38,39 
32,38,63 
Sector No. 
6 
7 
8 
9 
10 
Vectors 
32,56,63 
32,56,57 
24,56,57 
24,25,57 
1,25,31 
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Fig. 6.16 Simulation results of the proposed TESVPWM based scheme for scheme2 
6.3.4 ARTIFICIAL NEURAL NETWORK BASED SPACE VECTOR PULSE WIDTH 
MODULATION 
The reference signal in TESVPWM is taken as input neuron values and the 
modulating signals in TESVPWM scheme is taken as the target values. Then the Matlab 
neural network tool is used for the training and simulation purpose which is later formed the 
ANN block for the above scheme. Input and output layer with six neuron and hidden layer 
with ten neurons. Network is Feed-forward back propagation type and the training function 
"trainim" is used for the simulation purpose. The simulation results for both the scheme are 
shown in Fig. 6.17 and Fig. 6.18. The obtained results are similar to the obtained in the 
previous section. 
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Fig.6.17 Simulation results tor the ANN based SVM tor scheme I 
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Fig.6.18 Simulation results for the ANN based SVM lor scheme 2 
6.4 EXPERIMENTAL INVESTIGATION 
Experimental investigation is performed to implement the proposed scheme for 
quasi-six phase VSI to produce two independent frequency output. Two three-phase power 
modules are used to produce six-phase output. The DC link is paralleled to make it common 
for all the modules. The DC link voltage is set to 100 V for the experimental purpose. The 
Texas instrument DSP TMS320F2812 is used to implement the proposed modulation 
scheme. Fig. 6.20 and Fig. 6.21 shows the experimental results of the DSP based quasi-six 
phase VSI output. For the experimental investigation the fundamental frequencies of the 
two outputs is 25 Hz. Since the voltages are fixed at 100 V and the frequency is chosen as 
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25, the v/f values for both the schemes are 4. The experimental results are given for the 
experimental verification of the concept. 
Fig.6.l9 Sampled reference voltage lor scheme I lor 25-25 Hz frequency combination 
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(c) Harmonic spectrum of phase 'a" voltage (d) output of the PWM inverter 
Fig. 6.20 experimental results for the scheme I 
Fig. 6.20 shows the experimental results for the scheme I. Fig 6.20 (a) shows the filtered 
PWM signals and 6.20 (b) show the switching waveforms of the PWM signals. Fig 6.20(c) 
shows the harmonic spectrum of the phase 'a' voltage and 6.20(d) shows the output of the 
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PWM inverter. The experimental results matches very closely to their simulation 
counterpart. 
For scheme 2 
2M3^1L'22 1I:S6:»I 
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(c) Harmonic spectrum phase 'c' voltage (d) Harmonic spectrum of output phase "b' voltage 
Fig. 6.21 experimental results for the scheme 2 
Fig. 6.21 shows the experimental results for the scheme 2. Fig 6.21 (a) shows the filtered 
output PWM signals and 6.21 (b) shows the filtered waveforms of the PWM signals. Fig 
6.21(c) shows the harmonic spectrum for the phase 'c' and 6.21(d) shows the harmonic 
spectrum of the phase 'b' voltage. Once again the experimental result fully verifies the 
simulation results. 
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Chapter 7 
Seven-Phase Voltage Source Inverter-Modelling 
and Control for Single Motor Drive 
7.1 INTRODUCTION: 
Seven-phase inverter for a seven-phase brushless dc motor is illustrated in Dhawan 
and Soghomonian (2004) and for axial flux seven-phase machine is presented in Locment et 
al (2006). Continuous Space vector PWM to generate sinusoidal output- from a seven-phase 
VSI is elaborated in Grandi et al (2006) and Dujic et al (2007). Discontinuous space vector 
PWM technique for a seven-phase voltage source inverter is discussed in Khan et al (2009). 
More than seven-phase for instance nine-phase Kelly et al (2003), Dujic et al (2007), Grandi 
et al (2007) and twelve phase in Yu et al (2003) inverters are also available in the literature. 
Generalised space vector PWM for n-phase voltage source inverters is presented recently 
using duty ratio approach for sinusoidal output Dujic et al (2009) and space vector PWM for 
n-level voltage source inverters is presented recently in Anees Mohd. et al (2009) in which 
the two-level vectors are translated to the switching vectors of the multilevel inverter by 
adding the center of the subhexagon to the two-level vectors. The analysis of output current 
ripples in multiphase drives using space vector approach is presented in Dujic et al (2009). 
This chapter reviews the existing PWM schemes of a seven-phase VSI. The chapter also 
proposes a novel modulation technique for a seven-phase VSI similar to the one used for 
five and six-phase VSIs. At first modelling of a seven-phase VSI is reviewed in terms of 
space vector representation. The model obtained is decomposed into three two dimensional 
orthogonal spaces. The switching combinations yield 128 space vectors spanning over 
fourteen sectors. A generalised analytical expression is obtained and presented to access the 
switching loss reduction by adopting the discontinuous PWM schemes. Further a 
generalised concept is presented to generate the required leg voltages for discontinuous 
PWM schemes. Simulation and experimental results are provided to support the analytical 
and theoretical findings. 
7.2 MODELING OF SEVEN-PHASE VOLTAGE SOURCE INVERTER 
Power circuit topology of a seven-phase VSI is shown in Fig. 1. A complete space 
vector model of a seven-phase VSI is reported in Moinuddin and Iqbal (2007). A brief 
review is presented here. 
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Fig.7.1 Power circuit of a Seven-phase voltage source inverter 
The relationship between the machine's phase-to-neutral voltages and inverter leg voltages 
are given with 
v., - (6/ 7)v, - (l/7Xv« + v<. + v„ + V,. + V,. + V,,.) 
v^  = (6/7)v„ - (l/7Xv, + V(. + v„ + V,. + V,. + V,;) 
V, = (6/7)v,. -(l/7Xv,, + v„ + v„ + V,. + V,. + V,;) 
v,/ - ( 6 / 7 K , -(l/7Xv4 +v« +v,. +v,. +v, +v„.) (7.1) 
V. = ( 6 n y , - (1/7Xv, +v„+v,.+v„+ V, + V,,) 
V/ =(6/7)v,. -(l/7Xv, +v^ +V(. +V;, +v,. -t-v,,) 
V, = (6/7K,- - {l/7Xv^ +v,+v^.+v„+ V, + V,) 
where the inverter leg voltages take the value of ± 0.5 V^x: As noted, lower case letters in 
indices define phase-to-neutral voltages and the upper case letter represents the leg voltages. 
Since, in general, an n phase two level VSI has a total 2" number of switching states. 
Therefore the total number of space vectors available in a seven-phase VSI is 128. Out of 
these 128 space voltage vectors, 126 are active and two are zero space vectors. However, 
since a seven-phase system is under consideration, one has to represent the inverter space 
vectors in a seven-dimensional space. By using decoupling transformation matrix given in (7.2) 
each voltage vector can be decomposed into three two-dimensional sub-spaces {d-q, xi-yi and 
X2-y2) and one single-dimensional sub-space (zero-sequence). Since the load is assumed to 
be star-connected with isolated neutral point, zero-sequence cannot be excited and it is 
therefore sufficient to consider only three two-dimensional sub-spaces, d-q, xi-yi and X2-y2. 
Inverter voltage space vector in d-q sub-space is given with 
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T = '-
1 
0 
1 
0 
1 
0 
u 
COS 6 
sin 6 
cosld 
s'm26 
cos 3d 
sin3d 
1 
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sin 26 
cos 46 
sin Ad 
cos 69 
sin 66 
1 
COS 3d 
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cos 66 
sin66 
cos 26 
sinie 
1 
COS 46 
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cos 6 
sin 6 
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sinSd 
1 
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cos 36 
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cos 6 
sin 6 
1 
cos 66 
sin 66 
cosSd 
sinSd 
cos 46 
sin 46 
1 
(7.2) 
2 2 3 4 5 6 
7 (7.3) 
where a = c''"^'Mnverter voltage space vectors in the second two-dimensional sub-space 
{xj-yi) and the third two-dimensional sub-space {x2-y:) are determined with, 
(7.4) 
2 2 4 6 3 5 
i^^l-vl = ~ (*'a + 2 ^ 6 + 2 v^ + a v^ + gy-g + a vy^ + a v^ ) 
2 3 6 2 5 4 
^.v2-v2 = -<»-•« + 2 Vfc + a v ,^ + a v^ + a v^ + m'j- + a v^ ) 
7 V ' * - ' / 
The phase voltage space vectors obtained using (7.3) - (7.5) are shown in Fig7.2 in d-q 
axis. Fig. 7.3 in xi-yi axis and in Fig. 7.4 in X2-y2 axis. 
iq axis 
301> 
Fig. 7.2 Phase-to-neutral voltage space vectors for states 0-127.(stales 0 & 127 are at origin) in d-q plane. 
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yiaxis 
51 o "3 —<—• o 
Fig. 7.3 Phase-to-neutral voltage space vectors for states 0-127.(statcs 0 & 127 are at origin) in Xi-yi plane. 
y2 axis 
••' o ^ _X2 a.\is_ 
82 
Fig. 7.4 Phase-to-neutral voltage space vectors for states 0-127.(slates 0 & 127 are at origin) in Xryi plane. 
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Table 1 - magnitude and phase angle of vectors in d-q, xi-yi 
Decimal 
Value 
0 
I 
2 
3 
4 
. 5 
6 
7 • 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2! 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37' 
38 
39 
Binary 
Equiv. 
0000000 
0000001 
0000010 
0000011 
0000100 
0000101 
0000110 
0000111 
0001000 
0001001 
0001010 
0001011 
0001100 
0001101 
0001110 
OOOlIll 
0010000 
0010001 
0010010 
OOlOOll 
0010100 
OOIOIOI 
0010110 
0010111 
0011000 
OOIIOOI 
0011010 
0011011 
0011100 
0011101 
0011110 
0011111 
0100000 
0100001 
0100010 
0100011 
OIOOIOO 
0100101 
0100110 
0100111 
d-q axis 
Magnitude 
(p.u.) 
0 
0.2857 
0.2857 
0.5148 
0.2857 
0.3563 
0.5148 
0.642 
0.2857 
0.1271 
0.3563 
0.404 
0.5148 
0.404 
0.642 
0.642 
0.2857 
0.1271 
0.1271 
0.2291 
0.3563 
0.1586 
0.404 
0.404 
0.5148 
0.2291 
0.404 
0.2291 
0.642 
0.404 
0.642 
0.5148 
0.2857 
0.3563 
0.1271 
0.404 
0.1271 
0.1586 
0.2291 
0.404 
Angle 
(degree) 
0 
-51.4286 
-102.857 
-77.1429 
-154.286 
-102.857 
-128.571 
-102.857 
154.2857 
-128.571 
-154.286 
-110.705 
180 
-146.438 
-154.286 
-128.571 
102.8571 
25.7143 
-180 
-77.1429 
154.2857 
-154.286 
-162.133 
-120.724 
128.5714 
128.5714 
162.1334 
-154.286 
154.2857 
172.1523 
180 
-154.286 
51.4286 
0 
-25.7143 
-43.5809 
128.5714 
-51.4286 
-128.571 
-84.9905 
and X2-y: axis 
Xi-yi axis 
Magnitude 
(p.u.) 
0 
0.2857 
0.2857 
0.3563 
0.2857 
0.1271 
0.3563 
0.1586 
0.2857 
0.5148 
0.1271 
0.404 
0.3563 
0.404 
0.1586 
0.1586 
0.2857 
0.5148 
0.5148 
0.642 
0.1271 
0.2291 
0.404 
0.404 
0.3563 
0.642 
0.404 
0.642 
0.1586 
0.404 
0.1586 
0.3563 
0.2857 
0.1271 
0.5148 
0.404 
0.5148 
0.2291 
0.642 
0.404 
Angle 
(degree) 
0 
-102.857 
154.2857 
-154.286 
51.4286 
-25.7143 
102.8571 
154.2857 
-51.4286 
-77.1429 
-128.571 
-110.705 
0 
-43.5809 
51.4286 
-77.1429 
-154.286 
-128.571 
180 
-154.286 
128.5714 
-128.571 
146.438 
-172.152 
-102.857 
-102.857 
-146.438 
-128.571 
-51.4286 
-84.9905 
180 
-128.571 
102.8571 
180 
128.5714 
162.1334 
77.1429 
77.1429 
102.8571 
120.7238 
x2-y2 axis 
Magnitude 
(p.u.) 
0 
0.2857 
0.2857 
0.1271 
0.2857 
0.5148 
0.1271 
0.2291 
0.2857 
0.3563 
0.5148 
0.404 
0.1271 
0.404 
0.2291 
0.2291 
0.2857 
0.3563 
0.3563 
0.1586 
0.5148 
0.642 
0.404 
0.404 
0.1271 
0.1586 
0.404 
0.1586 
0.2291 
0.404 
0.2291 
0.1271 
0.2857 
0.5148 
0.3563 
0.404 
0.3563 
0.642 
0.1586 
0.404 
Angle 
(degree) 
0 
-154.286 
51.4286 
128.5714 
-102.857 
-128.571 
-25.7143 
-128.571 
102.8571 
154.2857 
77.1429 
110.7048 
180 
-162.133 
77.1429 
154.2857 
-51.4286 
-102.857 
0 
-51.4286 
-77.1429 
-102.857 
-43.5809 
-84.9905 
25.7143 
-154.286 
43.5809 
77.1429 
-77.1429 
-120.724 
0 
-102.857 
154.2857 
ISO 
102.8571 
146.438 
-154.286 
-154.286 
154.2857 
-172.152 
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40 
41 
42 
43 
44 
45 . 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
0101000 
OlOlOOl 
OIOIOIO 
0101011 
0101100 
OIOIIOI 
OIOlllO 
OlOIlll 
0110000 
011000! 
0110010 
0110011 
0110100 
OllOlOl 
0110110 
OilOlll 
0111000 
0111001 
0111010 
onion 
on 1100 
OlIIIOI 
o i i n i o 
o i i i i n 
1000000 
1000001 
1000010 
loooon 
1000100 
1000101 
1000110 
10001n 
1001000 
lOOiOOl 
lOOIOlO 
lOOIOIl 
loonoo 
1001101 
1001 no 
loonn 
1010000 
lOlOOOI 
lOIOOlO 
lOlOOII 
0.3563 
0.1586 
0.1586 
0.1586 
0.404 
0.1586 
0.404 
0.3563 
0.5148 
0.404 
0.2291 
0.2291 
0.404 
0.1586 
0.2291 
0.1271 
0.642 
0.404 
0.404 
0.1271 
0.642 
0.3563 
0.5148 
0.2857 
0.2857 
0.5148 
0.3563 
0.642 
0.1271 
0.404 
0.404 
0.642 
0.1271 
0.2291 
0.1586 
0.404 
0.2291 
0.2291 
0.404 
0.5148 
0.3563 
0.404 
0.1586 
0.404 
102.8571 
51.4286 
154.2857 
-77.1429 
146.438 
180 
-172.152 
-128.571 
77.1429 
43.5809 
77.1429 
0 
110.7048 
77.1429 
154.2857 
-102.857 
102.8571 
84.9905 
120.7238 
102.8571 
128.5714 
128.5714 
154.2857 
-180 
0 
-25.7143 
-51.4286 
-51.4286 
-77.1429 
-59.2762 
-95.0095 
-77.1429 
77.1429 
-25.7143 
-102.857 
-69.2952 
180 
-102.857 
-136.419 
-102.857 
51.4286 
7.8477 
0 
-33.562 
0.1271 
0.2291 
0.2291 
0.2291 
0.404 
0.2291 
0.404 
0.1271 
0.3563 
0.404 
0.642 
0.642 
0.404 
0.2291 
0.642 
0.5148 
0.1586 
0.404 
0.404 
0.5148 
0.1586 
0.1271 
0.3563 
0.2857 
0.2857 
0.3563 
0.1271 
0.1586 
0.5148 
0.404 
0.404 
0.1586 
0.5148 
0.642 
0.2291 
0.404 
0.642 
0.642 
0.404 
0.3563 
0.1271 
0.404 
0.2291 
0.404 
25.7143 
-77.1429 
128.5714 
-154.286 
43.5809 
0 
84.9905 
102.8571 
154.2857 
-162.133 
154.2857 
180 
110.7048 
154.2857 
128.5714 
154.2857 
-154.286 
-120.724 
172.1523 
-154.286 
77.1429 
-102.857 
128.5714 
180 
0 
-51.4286 
77.1429 
-102.857 
25.7143 
-7.8477 
59.2762 
25.7143 
-25.7143 
-51.4286 
-25.7143 
-69.2952 
0 
-25.7143 
17.8666 
-25.7143 
-77.1429 
-95.0095 
180 
-136.419 
0.5148 
0.642 
0.642 
0.642 
0.404 
0.642 
0.404 
0.5148 
0.1271 
0.404 
0.1586 
0.1586 
0.404 
0.642 
0.1586 
0.3563 
0.2291 
0.404 
0.404 
0.3563 
0.2291 
0.5148 
0.1271 
0.2857 
0.2857 
0.1271 
0.5148 
0.2291 
0.3563 
0.404 
0.404 
0.2291 
0.3563 
0.1586 
0.642 
0.404 
0.1586 
0.1586 
0.404 
0.1271 
0.5148 
0.404 
0.642 
0.404 
128.5714 
154.2857 
102.8571 
128.5714 
162.1334 
180 
120.7238 
154.2857 
-128.571 
-146.438 
51.4286 
-180 
-110.705 
-128.571 
-77.1429 
-128.571 
128.5714 
172.1523 
84.9905 
128.5714 
-154.286 
-154.286 
102.8571 
-180 
0 
-77.1429 
25.7143 
25.7143 
-51.4286 
-95.0095 
-7.«477 
-51.4286 
51.4286 
102.8571 
51.4286 
69.2952 
0 
-128.571 
33.562 
51.4286 
-25.7143 
-59.2762 
0 
-17.8666 
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84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
1010100 
1010101 
1010110 
loiom 
lonooo 
1011001 
lOIIOlO 
1011011 
1011100 
lOlUOl 
loimo 
1011111 
1100000 
110000I 
1100010 
IIOOOll 
1100100 
1100101 
1100110 
1100111 
1101000 
1101001 
1101010 
1101011 
1101100 
IIOIIOI 
1101110 
1101111 
1110000 
1110001 
1110010 
1110011 
1110100 
lllOIOl 
1110)10 
lllOlll 
1111000 
1111001 
IIIIOIO 
1111011 
IIIIIOO 
1111101 
IIIIIIO 
l l l l l l l 
0.1586 
0.1586 
0.1586 
0.3563 
0.404 
0.2291 
0.1586 
0.1271 
0.404 
0.1271 
0.3563 
0.2857 
0.5148 
0.642 
0.404 
0.642 
0.2291 
0.404 
0.2291 
0.5148 
0.404 
0.404 
0.1586 
0.3563 
0.2291 
0.1271 
0.1271 
0.2857 
0.642 
0.642 
0.404 
0.5148 
0.404 
0.3563 
0.1271 
0.2857 
0.642 
0.5148 
0.3563 
0.2857 
0.5148 
0.2857 
0.2857 
0 
102.8571 
-25.7143 
-128.571 
-77.1429 
95.0095 
51.4286 
128.5714 
-51.4286 
136.4191 
154.2857 
180 
-128.571 
25.7143 
0 
-7.8477 
-25.7143 
25.7143 
-17.8666 
-51.4286 
-51.4286 
59.2762 
17.8666 
25.7143 
-25.7143 
102.8571 
0 
-154.286 
-77.1429 
51.4286 
25.7143 
33.562 
0 
69.2952 
25.7143 
51.4286 
-25.7143 
77.1429 
51.4286 
77.1429 
25.7143 
102.8571 
77.1429 
128.5714 
0 
0.2291 
0.2291 
0.2291 
0.1271 
0.404 
0.642 
0.2291 
0.5148 
0.404 
0.5148 
0.1271 
0.2857 
0.3563 
0.1586 
0.404 
0.1586 
0.642 
0.404 
0.642 
0.3563 
0.404 
0.404 
0.2291 
0.1271 
0.642 
0.5148 
0.5148 
0.2857 
0.1586 
0.1586 
0.404 
0.3563 
0.404 
0.1271 
0.5148 
0.2857 
0.1586 
0.3563 
0.1271 
0.2857 
0.3563 
0.2857 
0.2857 
0 
25.7143 
-51.4286 
102.8571 
-154.286 
-59.2762 
-77.1429 
-102.857 
-102.857 
-17.8666 
-51.4286 
0 
-77.1429 
51.4286 
0 
95.0095 
128.5714 
51.4286 
33.562 
77.1429 
77.1429 
7.8477 
-33.562 
51.4286 
-51.4286 
25.7143 
0 
51.4286 
25.7143 
102.8571 
-128.571 
136.4191 
180 
69.2952 
51.4286 
102.8571 
128.5714 
-25.7143 
-77.1429 
154.2857 
-128.571 
25.7143 
-25.7143 
77.1429 
0 
0.642 
0.642 
0.642 
0.5148 
0.404 
0.1586 
0.642 
0.3563 
0.404 
0.3563 
0.5148 
0.2857 
0.1271 
0.2291 
0.404 
0.2291 
0.1586 
0.404 
0.1586 
0.1271 
0.404 
0.404 
0.642 
0.5148 
0.1586 
0.3563 
0.3563 
0.2857 
0.2291 
0.229! 
0.404 
0.1271 
0.404 
0.5148 
0.3563 
0.2857 
0.2291 
0.1271 
0.5148 
0.2857 
0.1271 
0.2857 
0.2857 
0 
-51.4286 
-77.1429 
-25.7143 
-51.4286 
7.8477 
-25.7143 
25.7143 
25.7143 
-33.562 
-77.1429 
0 
-25.7143 
77.1429 
180 
59.2762 
102.8571 
-102.857 
-136.419 
25.7143 
-154.286 
95.0095 
136.4191 
77.1429 
102.8571 
128.5714 
180 
77.1429 
128.5714 
-25.7143 
-102.857 
17.8666 
0 
-69.2952 
-102.857 
-25.7143 
-77.1429 
51.4286 
154.2857 
51.4286 
77.1429 
-51.4286 
-128.571 
25.7143 
0 
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7.3 PULSE WIDTH MODULATION TECHNIQUES OF A SEVEN-PHASE VSI 
Pulse Width modulation technique is the most basic method of energy processing in 
power electronic converters as discussed in previous chapters. This section describes the 
PWM techniques employed for controlling a seven-phase voltage source inverter. The basic 
underlying principle of PWM techniques remains the same as that of three-phase voltage 
source inverter. Purpose here is to generate the seven-phase sinusoidal output voltage. Since 
only linear modulation region is under discussion, modulation index is defined as the ratio of 
the fundamental component amplitude of the line-to-neutral inverter output voltage to one 
half of the DC bus voltage, 
Mi = — ! ^ (7.6) 
Existim PWM Techniques 
1. Carrier based sinusoidal PWM 
2. Seventh harmonic injection pulse width modulation scheme 
3. Offset addition pulse width modulation scheme 
4. Space vector pulse width modulation scheme 
Proposed PWM Techniques 
5. Time equivalent space vector pulse width modulation (TESVPWM) scheme 
6. Artificial neural network based space vector pulse width modulation. 
7.3.1 CARRIER BASED SINUSOIDAL PULSE WIDTH MODULATION SCHEME 
Carrier-based PWM techniques include modulation signals and carrier signals. 
Modulation signals are compared with high frequency carrier signal and, as a result, 
switching signals are generated for each phase. A universal representation of modulation 
signals for seven-phase carrier-based modulator can be written as 
Vi(t) = Vlit) + Vnoit) (IJ) 
Where fnoCO represents zero sequence signals and v,'(t) are fundamental signals 
(seven sinusoidal signals displaced by -^) . Thus the maximum output phase voltages from a 
seven-phase VSI are limited to 0.5 p.u. The normalised peak value of the triangular carrier 
wave is ±0.5 in linear region of operation. Fig. 7.5 shows the principle of carrier based 
PWM signal for a seven-phase voltage source inverter and Fig. 7.6 shows the PWM 
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waveform generation in Carrier-based Sinusoidal method. Matlab/Simulink model is 
developed and the simulation results are illustrated in Fig. 7.7. The dc link voltage is kept 
unity so that the results are in per unit. The switching frequency is kept 5 kHz. The 
fundamental frequency is kept 50 Hz. The output voltage is 0.5 p.u. Fig. 7.7(a) show the 
filtered output voltage and Fig 7.7(b) shows the harmonic spectrum for the phase 'a ' 
voltage. The results are typical of the carrier-based sinusoidal PWM. 
Vh" 
v.* 
»',/* 
v/* 
5^ ^^HZt^-
Zero-sequence 
Signal calculator 
5^  
5^  
K 
5V »> 
m 
^ > ^ 
"'/ 
tHZ]:^ ".. 
Garner signal 
Fig. 7.5 Principle of cam'er-based PWM technique 
Carrier 
Wave 
Fig. 7.6 PWM waveform generation in Carrier-based Sinusoidal method 
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The simulation results illustrated in Fig. 7.7 shows a typical response of carrier-based PWM. 
0.5B 
3 
a. 
c 
<0 
•°.?. 
0.02 0.03 0.04 0.05 0.06 0.07 0.08 
Time (sec) 
1 
fo.sh 
S 0^ 1 1 i i i , ; ; i 
02 0.025 -.0.03 , 0.035 
Time(sec) 
(a) Filtered output voltage 
0704 S 10' 10' ^. 10; ^ 10' 
Q- Time (sec) 
(b) harmonic spectrum phase 'a' voltage 
10^ 
Fig. 7.7 Simulation results of the carrier based PWM scheme 
7.3.2 HARMONIC INJECTION PULSE WIDTH MODULATION SCHEME [Duiic et ai 
(2007^1 
The output magnitude of a voltage source inverter can be enhanced by injecting 
proper harmonic content in the modulating signal and comparing with the high frequency 
caiTier [ Dujic et al (2007)]. Optimal level for the «"* harmonic component is found from 
^n=±'i^in{^) (7.8) 
where (7.8) takes the positive sign for n = (3, 7, II, 15...) and negative sign for n = (5,9,13, 
17...). Thus, for a seven-phase system, the seventh harmonic is in phase with the 
fundamental and has the amplitude 
7^ = ± ^ sin ( ^ ) « 0.0318 * 1^1 (7.9) 
With zero sequence signal defined by 
Vno = VjSinilcjt) (7.10) 
The resulting modulating signal has the form (phase a ) 
Va= Ml* 0.5 Vocsinicot) + 0.0318 * Mj * 0.5 VDcSin{7(ot) (7,11) 
In the linear region for maximum value of modulation index |i7a(t)| = O.SVpc (7.12) 
General expression for maximum possible modulation index in the linear region in case of 
n"' harmonic injection has the form 
1 Mn= ± 
cos ( ^ ) 
(7.13) 
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From where it can be found that maximum value of the modulation index is 1.0257; This is 
an increase of 2.57% in the DC bus utilization when compared to sinusoidal PWM. 
The simulation conditions are kept same as section 7.3.1 and the resulting 
waveforms are as shown in Fig. 7.8 (a) shows the filtered output voltage after connecting the 
R-L load at the output terminals. Fig. 7.8 (b) shows the harmonic spectrum for the phase 'a' 
voltage and Fig 7.8 (c) shows the modulating signal after adding the third harmonic injection 
with the reference signal and Fig. 7.8 (d) shows the comparison between carrier signals and 
modulating signals. 
t 
0.02 0.025 , 0.03 0.035 
Time(sec) 
(a) Filtered output voltage 
0.6 
-J 
fo.s 
3! 
0.04 f 10' 
0".02 0.03 0.04 0.05 0.06 0.07 0.08 Time (sec) 
1 
1 i,.,, : 
10' 10' Time (sec) 10' 10° 
(b) harmonic spectrum phase 'a' voltage 
• g - 0 4 
a =i 
£ o 0.2 
I I 0 
ir 
0.4 
0.02 0.025 0.03 0.035 0.04 0.02 
Time(sec) 
0.025 0.03 0.035 0.04 
Time(sec) 
(c) Modulating signal after the harmonic injection (d) comparison carrier and modulating signals 
Fig. 7.8 Simulation results of the harmonic injection based PWM scheme 
7.3.3 OFFSET ADDITION PULSE WIDTH MODULATION SCHEME 
The offset voltage is given as 
V +V 
(7.14) 
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where v„,av = max iVa.Vb,Vc,Vd,Ve,v/.yg) and v„„„ = min {Va,vi„Vc.Vd.Ve,Vfyg). The 
simulation results are as shown in Fig. 7.9 
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Time (sec) 
0.02 0.025 0.03 0.035 
Time(sec) 
(a) Filtered output current 
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a 
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(b) harmonic spectrum phase "a' voltage 
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Time (sec) 
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Time (sec) 0.05 0.06 
(c) Modulating signal after the harmonic injection (d) Equivalent OfTset time signals 
Fig. 7.9 Simulation results of the offset addition based PWM scheme 
7.3.4 SPACE VECTOR PULSE WIDTH MODULATION SCHEME 
As emphasised in the literature, the number of applied active space vectors for 
multi-phase VSI with an odd phase number should be equal to(/;-i), n is the number of 
phases of inverter, for sinusoidal output. This means that one needs to apply six active 
vectors in each switching period, rather than two (outer large vectors) for obtaining 
sinusoidal output. Thus six active vectors and one zero vector is chosen to implement the 
SVPWM to obtain sinusoidal output. The switching pattern and the sequence of the space 
vectors for this scheme is illustrated in Fig. 7.10. It is observed from the switching pattern of 
Fig, 7.10 that the switching in all the phases are staggered i.e. all switches change state at 
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different instants of time. The total number of switching in each switching period is still 
twenty-eight, thus preserving the requirement that each switch changes state only twice in a 
switching period. 
Sector I 
i!L L^ 'j^. UL in. Lii. l±L h. Lti Li L± La 
4 2 2 2 2 2 2 2 2 2 2 2 
J 
J 
n. 
0 64 96 97 113115 123 S 123 115 113 97 96 64 0 
Vectors . *" 
Fig. 7.10 Switching pattern and space vector disposition for one cycle ofoperation in sector I. 
Using equal volt-second criterion. For sector I, the following is obtained [Dujic (2008) and 
Moinuddin and Iqbal (2008)]; 
v,^ .,^  =0.642<5, +0.5148<5,5 +0.2857^7, 
v,,.^., =0.1586<J, -0.3563^,5 +0.2857<57| 
v,2.y2=-0.229\Sf +0.I272<5,5 +0.2857<J7, 
(7.15) 
Where J,, J,,, J,, are duty cycles and suffixes denote the vector numbers, their co-
efficiants are their respective magnitudes and negative sign showing their directions which 
is opposite to normal direction. Solving equation (7.15) for 6^,6^^ and S^^ by assuming 
v,,_y= 0.513 p.u. (maxium achievable output voltage) and v,,.,,, and v^ -^): ^ 1 " ^ ' ^ zero, one 
gets, (5,-0.43338, S^^ = 0.3484 and S^^ = 0.1926. The time of application of zero space 
vectors is now given as /Q =/, -/„, -/„2 -/«3 -'b\ -'bi -'b3 where /„,, /„2 /„, , / j , , 1^2 and /„ 
are timings of vectors respectively. The results of SVPWM are not included in this chapter. 
7.3.5 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM^ 
The proposed modulation called here "Time Equivalent Space Vector PWM 
(TESVPWM)" utilises simply the sampled reference voltages to generate the gating time for 
which each inverter leg to yield sinusoidal output. This method is an extension of the 
technique developed for a three-phase VSI in Chung et al (1998). The algorithm is given 
below. Where Vx; x=a,b.c,d,e/,g; is the sampled amplitudes of reference phase voltages 
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during sampling interval and T, is the inverter switching period. T^: x=a,b,c,d,e/,g; are 
referred as time equivalents of the sampled amplitudes of reference phase voltages. T,MX and 
Tmin are the maximum and minimum values of Tx during sampling interval. To is the time 
duration for which the zero vectors is applied in the switching interval. Toffsei is the offset 
time when added to time equivalent becomes gating time signal or the inverter leg switching 
time Tgx:X=a„b,c,d,eJ. 
Algorithm of the proposed TESVPWM: 
1. Sample the reference voltages Va, Vb, K, Vj, Ve, Vf & Vg \n every switching period 
Ts. 
2. Determine the equivalent times TiJ}, T^J^, Tj. Te & T? given by expreesion, where x 
T 
a.b,c.d,ejandg; r^ = i „ x — s 
3. Determine To ,^,,; T„, '^ 'max-'min 
'offset - , -
4. Then the inverter leg switching times are obtained as 
T^ = T, + T„ff^^, where x = a,b,c,d,e/andg. 
Fig. 7.11 shows the principal of Time Equivalent method for seven-phase, if one 
fundamental cycle of modulating signal is divided into ten equal parts (sectors) and 
sampling is done in the first part then the equivalent mathematical analysis for first part is 
given below and on the basis of this analysis the equivalent switching wave form is shown 
in Fig. 7.12. 
Sector I 
•max ~ ' a ' 'min ~ 'd> (7.16) 
' e f fec t ive" 'max ~ T^^in = Tg — T j (7.17) 
Toffset = "f- Tmin = y - T ;^ (7.18) 
Ti=Ta-Tg; T2 = Tg-Tb; T3=Tb-Tf; (7.19) 
T4=Tf-Tc; T5 = Te-Te; T^  = Te - Tj; (7.20) 
Tga = Ta+Toffset =\+J- ^d = 7 + T^  + T2 + T3 + T4 + T5 + T ;^ (7.21) 
Tgb = Tb + ^ - Td = ^ + T3+ T4+ T5+ Te; (7,22) 
Tgc = Tc + ^ - Td = ^ + T5 + Te; (7.23) 
T g d = T d + ^ - T d = : ^ ; (7.24) 
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T„.=Te+^-Td = -;^+T6; 
.ge 
To 
Is 
2 
To Tgf = Tf+ f - Td = f + T4 + Ts + \ : 
(7.25) 
(7.26) 
Tgg = Tg + 7 - Td = 7 + T2 + T3 + T4 + T5 + Te; (7.27) 
From the switching waveform of Fig. 7.13, for first part the space vectors used are 
64,65,97,99,115 and 119 for the implementation of modulation scheme. Their positions in 
the d-q, xj-yj and X2-y2 axis can be seen in Fig 7.2 - Fig. 7.4. 
The proposed TESVPWM is simulated using Matlab/Simulink model shown . The 
seven-phase voltage is provided with amplitude equals to ± 0.5 Vpc and VDC is kept unity. 
The switching frequency is chosen equal to 5 KHz. 
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Fig. 7.11 Principal of TESVPWM for sector 1 
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Fig. 7.13 Simulation results oCthc proposed TESVPWM based scheme 
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Fig. 7.13(a) shows the filtered output voltage after connecting a R-L load at the 
output terminals and Fig. 7.13(b) shows the harmonic spectrum for the output phase 'a' 
voltage and Fig. 7.13(c) shows the offset time signals as calculated after the mathematical 
analysis; it shows both the maximum value as well as the minimum value for the offset and 
the offset time signal. Fig. 7.13(d) shows the net modulating signals after adding the offset 
signal to equivalent time signal for each phase. Thus it can be concluded that the output of 
this scheme is similar to the one offered by the space vector PWM. 
Table 2 Vectors used for TESVPWM in different sectors 
Sector No. 
1 
2 
3 
4 
5 
Vectors 
64,65,97,99,115,119 
64,96,97,113,121,123 
32,48.112,120,121,125 
16,48,56,120,124,125 
16,24,56,60,62,126 
Sector No. 
6 
7 
8 
9 
10 
Vectors 
8,12,28,30,62,63 
4,12,14,30,31,63 
2,6,7,15,79,95 
2,3,7,71,79,111 
1,3,67,71,103,111 
7.3.6 ARTIFICIAL NEURAL NETWORK BASED SPACE VECTOR PULSE WIDTH 
MODULATION. 
This section elaborates the modulation of a seven-phase VSI based on artificial neural 
network approach. The technique employed here is similar to the one used in the previous 
chapters. The basic block schematic of ANN based modulator is given in Fig. 7.14. 
UP/ 
Down 
Counter 
Reference 
Values 
2 
o 
3 $1 
R' 
u 
5 ' 
3 
Neural Network ? 
3 
O 
i 
o" 
3 
Equivalent 
Modulating 
Signals 
a 
•Sa-
•St> 
•So . 
- S * -
-s* . 
•Sg^ 
Fig. 7.14 Functional Block diagram of ANN based SVM for a seven-phase VSI 
The reference signal in TESVPWM is taken as input neuron values and the modulating 
signals in TESVPWM scheme is taken as the target values. Then the Matlab neural network 
tool is used for the training and simulation purpose which is later formed the ANN block for 
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the above scheme. There are three layers in the neural network, one is input layer with seven 
neurons, one hidden layer with ten neurons and one output layer with seven neurons. Feed-
forward back propagation type network is used and the Levenberg-Marquardt 
backpropagation "trainim" training function is used for the simulation purpose. The 
Gradient descent with momentum weight and bias learning (LEARNGDM) adaptation 
learning function and Mean squared error (MSE) performance function is used. Transfer 
function is hyperbolic tangent sigmoid transfer function (TANSIG) type. 
The simulation results for seven-phase voltage source inverter are shown in Fig. 7.15 
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(d) comparison carrier and modulating signals 
Fig 7.15 Simulation results using ANN for seven-phase VSl 
Fig. 7.15(a) shows the filtered output voltage after connecting a RL' load at the output 
terminals and Fig. 7.15(b) shows the harmonic spectrum for the output phase 'a' voltage 
with FFT. Fig. 7.15(c) shows the net modulating signals and Fig. 7.15(d) shows the 
comparison between modulating signals and the carrier signals. 
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7.4 EXPERIMENTAL INVESTIGATION 
Experimental investigation is performed to implement the proposed scheme for a 
seven-phase VSI. Three standard three-phase VSIs are used to provide seven-phase output. 
The DC link is paralleled to make it common for all the three modules. The DSP 
TMS320F2812 has provision of generating four independent PWM outputs per event 
manager thus a maximum of eight-phase inverter can be controlled using one DSP. Out of 
five PWM, three are generated using full compare units and the other one is generated by the 
GP timer compares units. The full compare unit has programmable dead-band for PWM 
output pairs but the other one PWM channel does not have the provision of dead band. Thus 
a dead band generating circuit is fabricated which act upon those PWM signals which do not 
have inbuilt dead band. A distribution panel is developed which distributes the fourteen 
PWM signals generated from DSP to three power modules. The schematic of a DSP based 
seven-phase VSI is presented in Fig. 7.16. Fig. 7.17 shows the Switching pattern for seven-
phase VSI and Fig. 7.18 shows filtered phase to neutral voltage for sinusoidal output. 
(nv-l 
PWMt-P' 
" ^ ^ ^ 
RS232 A K 
TMS320F2812 C j j ) Oead-band /^—^\ Generator \ r ~ i / 
Oislrib 
ulion 
Pane* 
PWM7-PWM12 
PWM13-PWM14 
Fig. 7.16 Block schematic ofa DSP based seven-phase VSI. 
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Fig. 7.17 Switching pattern for seven-phase VSl using TESVPWM, during one switching period in sector 1. 
Inverter legs A, B, C and D in upper part and inverter legs E, Fand G in lower part 
V0KOGWft» IMkS/S l»aM, 
Fig. 7.18 Filtered phase to neutral voltage (or sinusoidal output 
The experimental results thus obtained validate the simulation results. 
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Chapter 8 
Seven-Phase Voltage Source Inverter 
Supplying Seven-Phase Series Connected 
Three-Motor Drive System 
8.1 INTRODUCTION: 
Modelling and control issues of a Seven-phase inverter feeding a Seven-phase 
machine are elaborated in chapter 7. This chapter is devoted to the control of a Seven-phase 
voltage source inverter feeding Seven-phase three-motor drives i.e. three seven-phase 
motors whose stator windings are connected either in series or in parallel and the group of 
these motors are supplied from one seven-phase VSl. Since vector control of any multi-
phase machine requires only two stator current components, the additional stator current 
components are used to control other machines. It has been shown that, by connecting multi-
phase stator windings in series/parallel with an appropriate phase transposition, it is possible 
to control independently all the machines with supply coming from a single multi-phase 
inverter. One specific drive system, covered by this general concept, is the Seven-phase 
series-connected/parallel-connected three-motor drive, consisting of three Seven-phase 
machines and supplied from a single Seven-phase voltage source inverter. This chapter 
investigate the control methodology of the seven-phase VSl supplying the three-motor drive 
system and controlling them independently. 
Space vector PWM techniques have been reported for a Seven-phase VSl for single 
motor drive where attempts have been made to generate sinusoidal waveform . Considering 
a Seven-phase system there exist three orthogonal planes namely d-q, xj-yi and Xi-y^. 
Unwanted low-order harmonics are generated in the output of a Seven-phase VSl when the 
space vectors of xi-yi and X2-y2 planes are not eliminated completely and they result in 
distortion in stator current and losses in the machine having sinusoidal mmf distribution. In 
case of concentrated winding machine, low order harmonic currents are injected along with 
the fundamental to enhance the torque production. 
A modulation technique termed as "unified voltage modulation" scheme is proposed 
for a three-phase voltage source inverter in [add refere]. This method is based on the 
calculation of gating time of each inverter leg from the information of sampled reference 
voltages. This method is adopted for phase number five and six as detailed in the previous 
chapters. The similar modulation approach is used in this chapter for a Seven-phase VSl 
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supplying three series-connected Seven-phase machines. It is important to note here that the 
control technique of the inverter is independent of type of stator winding connection i.e. 
series or parallel. Hence only series connection is considered here, the same principle 
applies to the parallel connection as well. The gating time of inverter switches are obtained 
directly from sampled reference voltages; modulating the inverter for generating appropriate 
voltages for independently controlling the series-connected Seven-phase machines. 
Complete algorithm is provided with their validation using simulation. 
8.2 SEVEN-PHASE SERIES-CONNECTED THREE-MOTOR DRIVE 
When the phase variable equations are transformed using decoupling matrix, four sets of 
equations are obtained, namely d-q, Xi-y,, xry: and zero sequence. In single Seven-phase 
motor drives, the d-q components are involved in actual electromagnetic energy conversion 
while the xi-vi and x2-y2 components increase the thermal loading of the machine. However, 
the extra set of current components {xi-yi and xr;':) available in a Seven-phase system is 
effectively utilised in independently controlling two additional Seven-phase machines when 
the stator windings of three Seven-phase machines are connected in series/parallel and are 
supplied from a single Seven-phase VSl. Reference currents/voltages genefated by three 
independent vector controllers, are summed up as per the transposition rules and are 
supplied to the series-connected/parallel-connected Seven-phase machines. Block diagram 
of the three-motor drive systems is illustrated in Fig. 8.1 for series connection and the 
connectivity matrix is in table I. 
J__ . 
">i Vector 
Controller 
Vector 
Controller 
( y , . 
isl 
ry, Vector 
Controller 
b3 
Machine 1 Machine 2 Machines 
^^'^J^'-' ^-^ 
S U M M E R 
<y. 
Fig.8.1 Seven-phase series-connected three-motor drive structure 
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Table 1 : Connectivity matrix for the seven-phase series connected three-motor case. 
Ml 
M2 
M3 
A 
1 
1 
I 
B 
2 
3 
4 
C 
3 
5 
7 
D 
4 
7 
3 
E 
5 
2 
6 
F 
6 
4 
2 
G 
7 
6 
5 
The scheme of series-connected Seven-phase three-motor drive discussed in the 
literature [Jones thesis (2005)] utilizes current control in the stationary reference frame. 
However, if current control in the rotating reference frame is to be utilized, appropriate 
PWM scheme for Seven-phase VSI needs to be developed to generate voltage references 
instead of current references. The principle of control decoupling of three Seven-phase 
series-connected machines lies in the fact that the d-q voltage/current components of one 
machine becomes the x-y voltage/current components of the other machines and vice-versa. 
Since Space vector PWM offers higher dc bus utilization, the thesis focuses on the 
development of appropriate space vector PWM for three-motor drive system in addition to 
other PWM offering high dc bus utilisation. 
8.3 PWM FOR SEVEN-PHASE VSI SUPPLYING THREE-MOTOR DRIVE 
SYSTEM 
The following section elaborates PWM schemes employed for Seven-phase three-motor 
drive; 
1. Carrier based pulse width modulation scheme 
2. Offset addition pulse width modulation scheme 
3. Time equivalent space vector pulse width modulation (TESVPWM) scheme 
4. Artificial neural network based space vector pulse width modulation. 
8.3.1 CARRIER BASED PULSE WIDTH MODULATION SCHEME 
The PWM signal is generated by comparing a sinusoidal modulating signal with a 
triangular (double edge) or a saw-tooth (single edge) carrier signal. In a Seven-phase three-
motor drive, the references for each motor is generated separately from three vector 
controllers are then summed according to the transposition rules. The summed voltages 
serve as modulating signals. These modulating signals are compared with the high frequency 
carrier signals (triangular) and the gating pulses are generated for the inverter. 
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Fig. 8.2 Principle of carrier-based PWM technique 
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Fig. 8.3 PWM waveform generation in Carrier-based Sinusoidal method 
The dc bus voltage utilization is 0.5 p.u. and because of tlie sequential nature of control, 
each motor utilizes only one third of this value. It is important to highlight that this is the 
major disadvantage of the series-connected drive scheme. 
Matlab/Simulink model is developed for carrier-based PWM and the simulation 
results are illustrated in Fig. 8.4. Since the motor is supplying three motor connected in 
series and the value of DC link voltage is Vdc set to 3 p.u. The switching frequency is kept 5 
kHz. The fundamental frequency is kept 50 Hz for all the three motors. As it is the case of 
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Seven-phase VSI supplying three motor drive system and all the motors are operating at 
same frequency. The peak of carrier wave has taken here as + 0.5Vdc. 
(a) Filtered output voltage (b) harmonic spectrum phase "a" voltage 
Fia. 8.4 Simulation results of the carrier ba.scd PWM scheme 
Simulation results are shown in Fig. 8.4(a) shows the filtered output voltage and Fig. 
8.4 (b) shows the harmonic spectrum for phase 'a' voltage. Harmonic spectrum shows that 
inverter output voltage contains single components at 50 Hz with a magnitude of 1.062 p.u. 
rms (1.50 p.u. peak). 
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Fig. 8.5 Harmonic spectrum of phase "a" voltage (a) d-q axis (b) .v,-v/ axis (c) Xz-y: axis 
Harmonic spectrum of phase "a" voltage in three planes are shown in Fig. 8.5. The 
inverter d-q axis phase "a" voltage in Fig. 8.5 (a) shows that it contains a perfectly sinusoidal 
single component at 50 Hz frequency with a magnitude of 0.3425 rms p.u. (0.4844 peak). 
Fig. 8.5 (b) shows single component at 50 Hz frequency with a magnitude of 0.3422 rms 
p.u.- (0.4839 peak) in xi-yi axis and Fig. 8.5 (c) shows single component at 50 Hz frequency 
with a magnitude of 0.3425 rms p.u. (0.4844 peak) in X2-y2 axis. Thus each machines are 
being controlled independently. 
8.3.2 OFFSET ADDITION PULSE WIDTH MODULATION SCHEME 
it is well known that the addition of offset voltages in references voltages in a three-
phase system lead to enhanced output [8.22]. The same concept is extended for multi-phase 
system in the literature. The same concept is extended to Seven-phase drive system with 
series-connected three-motor system in this chapter. 
An offset voltage is injected into the summed leg voltage references, which are then 
compared with a triangular carrier wave to generate switching pulses for the power 
serniconductor devices. The offset voltage is given by 
ir _ max mm f^nax = max{vj,v„,v,.,v^„v,.,v,,v,,.} 
2 Where ^^mn = m'"{v '^V^n*'<'»'o'»'/..»',.v,,.} 
In essence this offset injects 7n, n=l, 2, 3... harmonics. This causes the modulating signal 
peak to reduce offering more room to enhance the modulation index. Once again this is 
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validated using Matlab/Simulink model. For simulation purpose, all the simulation 
parameters are kept same as in section 8.3.1. The block representation of the offset addition 
scheme is shown in Fig.8.6. The reference quantities are represented by *, thus three set of 
references are generated and are summed as per the transposition rule to formulate the 
overall reference leg voltages. The offset is then added to this signal to produce overall 
modulating signals. The modulating signals thus generated are compared with the high 
frequency carrier to yield switching signals. The switching frequency of inverter is set to 5 
KHz and the fundamental frequency of all the references is kept at 50 Hz. 
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s,.s,. 
Gamer signal 
Fig. 8.6 Block represenlalion of the otTset addition sciicme 
Due to phase transformation in the series connection their summation will yield three 
times the individual value. However, offset addition will actually modifies the total inverter 
leg Voltage references so that the maximum leg voltage references may appear in a different 
legs. This has been investigated by simulation in details. 
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Fig.8.7 simulation results without increasing the modulation index 
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Simulation results shown in Fig.8.7 (a) shows the Components of the leg voltages 
reference for inverter leg A with the resulting modulating signal obtained & Fig. 8.7 (b) 
depicts inverter phase output voltage and its spectrum. The output voltage spectrum shows 
that fundamental is actually composed of single component at a frequency of 50Hz with 
magnitude of 1.062 p.u. rms (1.50 p.u. peak). By decomposing the instantaneous inverter 
phase voltages, using Clark's transformation for a Seven-phase system obtains the inverter 
phase voltages in a-p plane, xi-yi plane and X2-y2 plane. The a axis components shown in 
Fig.8.7(d) from which it follows that the 50 Hz fundamental appears in a-P plane with 
magnitude of 0.3425 rms p.u. (0.4844 peak) and 50 Hz fundamental appears in xi-yi plane 
with magnitude of 0.3422 rms p.u. (0.4839 peak) shown in Fig. 8.7(e). Fig. 8.7(f) shows that 
50 Hz fundamental appears in X2-y2 plane with magnitude of 0.3425 rms p.u. (0.4844 peak). 
These three components control independently three Seven-phase machines connected in 
series with appropriate phase transposition. Since the total modulating signal in Fig.8.13 (a) 
is below the limiting value of 1.5, it is possible to increase the individual references of the 
three machines above 0.5 p.u. only part of this increase is possible due to offset addition, 
while the remainder of the possible increase is associated with the fact that the three motor 
drive actually does not require three times of the dc link voltage. 
By performing trial and error procedure, it has been established that the maximum 
value for the reference is 0.685 p.u. (peak). The inverter leg A voltage reference and the 
output phase voltage spectrum are shown for this condition in Fig.8.8 (a) & (b). However, 
the limiting value of ± Ip.u. actually appears in the modulating signals of leg E and leg B 
this being the consequence of the offset addition. The peak value of leg A is an intermediate 
value, while the peak values of leg C and D are the same and the lowest. 
10 
Ffequency (Hz) 
(a) Harmonic speclrum of phase "a" voltage in d-q axis (b) Harmonic spectrum of phase 'a' voltage in xl-yl axis 
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Fig.8.8 simulation results with increase in the modulation index 
The a axis components shown in Fig.8.8(a) from which it follows that the 50 Hz 
fundamental appears in a-fi plane with magnitude of 0.4702 rms p.u. (0.6649 peak) and 50 
Hz fundamental appears in xi-yi plane with magnitude of 0.4698 rms p.u. (0.6644 peak) 
shown in Fig. 8.8(b). Fig.8.8 (c) shows the components of the leg voltages reference for 
inverter leg A with the resulting modulating signal obtained & Fig. 8.8 (d) depict inverter 
phase output voltage and its spectrum i.e. single component at a frequency of 50 Hz with 
magnitude of 1.4522 p.u. rms (2.0538 p.u. peak). Fig. 8.8(e) shows that 50 Hz fundamental 
appears in X2-y2 plane with magnitude of 0.4705 rms p.u. (0.6654 peak). Fig. 8.8(0 shows 
the equivalent modulating signals. 
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8.3.2.1 GAIN IN DC BUS UTILIZATION DUE TO OFFSET ADDITION 
The dc link voltage has been set to three times the value required for a single motor 
drive in simulation. With such a dc voltage it is possible to increase the modulation index 
upto 0.685. It is shown in Fig. 8.9 (a) that maximum value appears at different phase shifts 
without transposition is 3.8989 peak. The Fig. 8.9 (b) shows the change in the peak values of 
the line voltages with phase transposition is 3.5132 keeping machine 3 phase shift constant. 
Fig. 8.9(c) shows the plot of peak of line voltages (p.u.) and phase shift angle (deg.) keeping 
machine 2 phase shift constant and Fig. 8.9(d) shows the plot keeping machine 1 phase shift 
constant. The ratio of these three values is 0.9011 indicating that instead of the dc link 
voltage of 3 p.u. the value of 2.7032 p.u. would have been sufficient. 
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Fig.8.9 Plot of peak of line voltages (p.u.) and phase shift angle (deg.) 
Fig. 8.9 (a) shows the plot of peak of line voltage with respect to the phase shift 
angle without increasing the modulation index and shows that the maximum value is 2.4837 
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p.u. rms (3.5126 peak p.u.), this will remain same in all the conditions. Fig. 8.9(b) shows the 
plot keeping machine 3 phase shift constant the plot of machine 1 & 2 with increased 
modulation index. Fig 8.9(c) shows the plot keeping machine 2 phase shift constant and Fig. 
8.9 (d) shows the plot keeping machine 3 phase shift constant. In all the above conditions 
the value of the maximum peak is 2.7569 rms .p.u. (3.8989 peak p.u.). The ratio between 
these two values is 0.9009 and the bus voltage required is 0.9009x3 = 2.7027V p.u. instead 
of 3 V p.u. This is a gain of 9.91% in DC bus value. 
8.3.3 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM) 
In the proposed algorithm the reference voltages are sampled at fixed time interval 
equal to the switching time. The sampled amplitudes are converted to equivalent time 
signals. The time signals thus obtained are imaginary quantities as they will be negative for 
negative reference voltage amplitudes. Thus a time offset is added to these signals to obtain 
the gating time of each inverter leg. This offset addition centres the active switching vectors 
within the switching interval offering high performance PWM similar to SVPWM. The 
algorithm is given below, Where Vx; x=a,b,c,d,ef,g is the sampled amplitudes of reference 
phase voltages during sampling interval and Ts is the inverter switching period. Tx; 
x=a,b,c,d,e/,g; are referred as time equivalents of the sampled amplitudes of reference 
phase voltages. T„u,x and T„,i„arQ the maximum and minimum values of Tx during sampling 
interval. To is the time duration for which the zero vectors is applied in the switching 
interval. Tojjsei is the offset time when added to time equivalent becomes gating time signal 
or the inverter leg switching time Tgx:X=a,b,c,d,e/,g. 
Algorithm of iheproposed TESVPWM: 
1. Sample the reference voltages Va, Vb, Vc. Vj^ F,. Vf&Vg in every switching period Ts. 
2. Determine the equivalent times Ti,T2. Tj.T^. Ts, T^ & T? given by expression, where x 
T 
a, b, c, d, ejand g ^xs = ^xs ^ ~ ' 
dc 
3. Determine Toffsei: ^offset =~-'S 'max "*" 'min 
'dc 
4. Then the inverter leg switching times are obtained as 
^gx - ^v "•" ^offset; X = a,b,c,d,ejandg 
©Mohd. Arif Khan Page 148 
Chapter 8: Seven-Phase Voltage Source Inverter Supplying Sevcn-Phtisc Scries Connected Three-Motor Drive System I 7 ft 1 0 
Fig. 8.10 shows the principal of Time Equivalent method for seven-phase series 
connected drives, if one fundamental cycle of modulating signal is divided into ten equal 
parts (sectors) and sampling is done in the first part then the equivalent mathematical 
analysis for first part is given below and on the basis of this analysis the equivalent 
switching wave form is shown in Fig. 8.11. 
For Sector 1 
^ n a v - ^u ' ^ n i » = ^ ^ (8 .1) 
T,=T,-T,;T,=T,-Ty,T,=T,-T,;T,=l.-T,-J,=T,-T^-J,=T^-l.; (8.2) 
'effnim- ~ 'max ~ 'min ~ '„ ~ 'c •• (O"') 
Tl = Tr<,,.,„.l (8.4) 
T T 
T — *' — T — - ,0 T 
^ offxcl ~ « •' min ~ ^ c 
g^a = ^u-^Vser^a-^f-^min=^a+f-^c=f" '^1^^2 + ^ 3^^4^''^5^^6 
(8.5) 
(8.6) 
T,.'=T,.+L„:.^.,=T,.+^-T,=^; (8.8) 
7;. = ^ . + V , = ^ + y - ^ . = Y + ^ 4 + 7 ; + r , ; (8.10) 
T^ =Tr+T„,,^., =Tr+^-T,=^ + T,+T,; (8.11) 
r^ ,. = 7;.+V- -^.+f-T;. =f+7;; (8:i2) 
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Fig. 8.10 Principal of TESVPWM for sector I 
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Fig. 8.12 Simulation results of the proposed TESVPWM based scheme 
Simulation results are provided in Fig.8.12. The harmonic analysis of output voltage 
phase 'a' is carried out and the resulting time domain and frequency domain waveform is 
illustrated in Fig. 8.12 (a) It is clearly seen from the spectrum that the inverter output phase 
voltage contain only three desired frequency component fulfilling the criteria of independent 
control of Seven-phase series-connected three-motor drive system. The filtered output 
currents are shown in Fig. 8.12(b). The harmonic spectrum for the phase 'a' in a-fi axis is 
shown in Fig. 8.12(c). Fig 8.12(d) shows the harmonic spectrum in xi-yi axis and Fig. 
8.12(e) shows the harmonic spectrum in xj-yj axis. The equivalent time signals are 
calculated according to the proposed algorithm and then the actual gating time is obtained 
by adding offset to the equivalent time signals and the resulting waveforms are shown in 
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Fig. 8.12(g) shows the equivalent gating signals (or modulating signals) for all the Seven 
phases and Fig. 8.18(h) represents the offset time Tonset The offset time is the middle 
port ion o f the Toffset,nax and ToiVseimin. w h e r e TonSel max = Ts - T,nax,arid Toffsetinin^ -Tmin 
From the switching waveform of Fig. 8.11, for first part the space vectors used are 
64, 96, 104, 108, 110 and 111 for the implementation of modulation scheme. Their positions 
in the d-q plane can be seen in Fig. 7.2, in xi-yi plane in Fig. 7.3 and in X2-y2 plane in Fig. 
7.4. 
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Fig. 8.13 Functional Block diagram of ANN based SVM for a seven-phase VSI 
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Fig. 8.14 Matlab/Simulink model for the ANN based SVM scheme for Seven-phase VSI supplying Seven-
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The ANN based space vector PWM technique for a Seven-phase isolated neutral 
load of a voltage fed inverter is already discussed in chapter 7. This section describes the 
ANN PWM based on TESVPWM scheme. The reference signal in TESVPWM is taken as 
input neuron values and the modulating signals in TESVPWM scheme is taken as the target 
values. The functional block diagram and Matlab/Simulink model for the Seven-phase VS! 
supplying Seven-phase series connected three motor drive system are shown in Fig. 8.13 and 
Fig. 8.14. Then the Matlab neural network tool is used for the training and simulation 
purpose which is later formed the ANN block for the above scheme. Input and output layer 
with seven neuron and hidden layer with ten neurons. Network is Feed-forward back 
propagation type and the training function "trainim" is used for the simulation purpose. The 
adaptation learning function is LEARNGDM and Mean squared error (MSE) performance 
function is used. Transfer function is TANSIG (tansigmoidal) type. The simulation results 
for voltage source inverter are shown in Fig. 8.15. 
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Fig. 8.15 Simulation results for the ANN scheme 
Fig. 8.15 shows the simulation results of the ANN based space vector PWM scheme. 
Fig. 8.15(a) shows the harmonic spectrum for the phase "a' voltage and the filtered output 
currents are shown in Fig. 8.15(b). The harmonic spectrum for the phase 'a' voltage in alpha 
axis is shown in Fig. 8.15(c) and in xi-yi axis is shown in Fig. 8.15(d). The harmonic 
spectrum for the phase 'a' voltage in xi-ys axis is shown in Fig. 8.15(e) and Fig. 8.15(f) 
shows the equivalent modulating signals. 
Thus it can be concluded that the ANN based PWM offer similar performance as that 
of TESVPWM method. 
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Chapter 9 
Nine-Phase Voltage Source Inverter-
Modelling and Control for Single Motor Drive 
9.1 INTRODUCTION: 
Switching devices power rating are the main concern in multiphase drive systems as 
their major application areas are considered in high power range. Higher the phase number 
lower will be the power rating per leg of the supplying inverter. Accordingly this chapter 
analyses PWM techniques to provide variable voltage and frequency output from a nine-
phase VSl. The proposed modulation technique offers remarkable advantages compared to 
the existing PWM in terms of significantly reduced switching losses. Simulation results are 
provided to support the analytical and theoretical findings. 
9.2 MODELING OF NINE-PHASE VOLTAGE SOURCE INVERTER 
Power circuit topology of a nine-phase VSl is shown in Fig. I. A complete space vector 
model of a nine-phase VSl is reported in [9.13]. A brief review is presented here. 
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Fig.9.1 Power circuit of a Nine-phase voltage source inverter 
The relationship between the machine's phase-to-neutral voltages and inverter leg voltages 
are given with 
v„=(8/9)v,-(l/9Xv« + V/- + V,, + Vr + V,. + V, V , ) 
"/. = (8/9)vrt - (l t9\v^ +Vi-+ V„ -I- V;.; -t- V,. + V,; +V„ + V, ) 
V,. = (8/9)v(. - (l /9Xv^ +v„+ v„ + V,,; + V,. + V(; +v„ + v, ) 
vj = (8/9)v„ - (l /9Xv^ +v„+Vf.+ V,; + V,.. -I- V(; -I- V,, + V,) 
V,, = (8 /9)V/. - (l / 9Xv^ +V„+Vf+V,>+ V,. + V,; +V„ + V, ) 
Vj = (8/9)v,. - (l /9Xv,4 -I- V;, + V,. + V,, + v/. + V,. + v^^ + ,•/ ) 
v^ , = (8/9)vf; - (l /9Xv^ +v„ + V,. + vi, + V,.: + v,, -h V;^  + v, ) 
(9.1) 
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Vi, = (8/9>// - (I /9XVM t V/, t VC t V/j + Vy; + V,. + V(; + V, ) 
V, = (8 / 9)v, - (l / 9Xv^ +v„+vc+v„+ v,; +v,.+ v,,- + v„ ) 
where the inverter leg voltages take the value of ± 0.5 Voc. As noted, lower case letters in 
indices define phase-to-neutral voltages and upper case letters represent the inverter leg 
voltages.. 
In general, an n phase two level VSI has a total 2" number of switching states. Therefore, 
the total number of space vectors available in a nine-phase VSI is 512. Out of these 512 
space voltage vectors, 504 are active and 8 are zero space vectors. However, since a nine-
phase system is under consideration, one has to represent the inverter space vectors In a 
nine-dimensional space. By using decoupling transformation matrix given in (9.2) each voltage 
vector can be decomposed into four two-dimensional sub-spaces {d-q, xi-yi,X2-y2 and xs-ys) and 
one single-dimensional sub-space (zero-sequence). Since the load is assumed to be star-
connected with isolated neutral point, zero-sequence cannot be excited and it is therefore 
sufficient to consider only four two-dimensional sub-spaces, d-q, xi-yi, X2-y: and xj-ys. 
Inverter voltage space vector in d-q sub-space is given with 
r l cosd cos20 cos30 cos40 cos50 cos60 cos70 cos80 
0 sin0 sin 20 sin 30 sin 40 sin 50 sin 60 sin 70 sin 80 
1 cos 20 cos 40 cos 60 cos 80 cos0 cos 30 cos 50 cos 70 
0 sin 20 sin 40 sin 60 sin 80 sin0 sin 30 sin 50 sin 70 
7' = r l cos 30 cos 60 1 cos 30 cos 60 1 cos 30 cos 60 (9.2) 
0 sin 30 sin 60 0 sin 30 sin 60 0 
1 cos 40 cos 80 cos 30 cos 70 cos 20 cos 60 
0 sin 40 sin 80 sin 30 sin 70 sin 20 sin 60 
1 1 1 1 1 1 1 
   
sin 30 sin 60 
cos 0 cos 50 
sin0 sin 50 
1 1 
2 , 2 3 4 5 6 7 8 , 
ydq = "C^a + §^5 •^a v^-n-a v j - t - a v^-t-a Vf-i-a v. - ( -a V], -na Vj) (9.3) 
wherea = e'^'"''. Inverter voltage space vectors in the second two-dimensional sub-space (;c/-
yi) ,the third two-dimensional sub-space {x2-y2) and the fourth two-dimensional sub-space 
{xj-ys) are determined with. 
2 , 2 4 6 8 3 5 7 , 
^x l -y l = ~ ( V a + a v j j + a V( .+a v j - i - a V g + a v f + a V g + a V|,-i-a Vj) 
Xx2-y2 = ~ ( v a + a v ^ + a v ^ + v j + a Vg-ha^Vf-hVg +iv^ +a^Vj) 
^x3-y3 
, 4 8 3 7 2 6 5 
( ^ 3 + 5 V|3+a V(.-t-a v^j-i-a Vg - fa Vf- i -a Vg-t-aV|,-ha Vj ) 
(9.4) 
(9.5) 
(9.6) 
The phase voltage space vectors are shown in Fig. 9.2 in d-q axis. Fig. 9.3 in xi-y, axis, Fig. 
9.4 in X2-y2 axis and in Fig. 9.5 in xs-ys axis. Table 1 represents the magnitude and phase 
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angle in d-q axis and their corresponding vectors in different axis and the symbol used to 
represent the vectors. 
Table 1- Magnitude and phase angle of vectors in d-q. 
Magnitude 
d-q axis 
0.6399 
0.5627 
0.4909 
0.4377 
0.4176 
0.3619 
0.3405 
0.2994 
0.2857 
0.2692 
0.2222 
0.1954 
0.152 
0.145 
0.1182 
0.0772 
0 
Angle (deg) 
0,±20, ±40, ±60, ±80, ± 100, ± 120, ± 140, ± 160,180 
0,±20, ±40, ±60. ±80, ± 100. ± 120, ± 140, ± 160,180 
±3.0825, ±16.9175, ±23.0825, ±36.9175, 
±43.0825. ±56.9175, ±63.0825, ±76.91, ±83.0825. 
±96.91, ±103.823, ±116.918, ±123.0825, 
±136.918. ±143.083. ±156.918. ±163.083. 
±176.918. 
± 10, ±30, ±50, ±70, ±90, ± 110, ± 130, ± 150. ± 170 
0.±20, ±40. ±60. ±80, ± 100. ± 120. ± 140. ± 160.180 
±7.878, ±12.122, ±27.878, ±32.122, ±47.878. 
±52.122, ±67.878, ±72.122, ±87.878, ±92.122. 
±107.878, ±112.122, ±127.878, ±132.122. 
±147.878, ±152.122. ±167.878. ±172.122 
0,±20, ±40, ±60, ±80. ± 100, ± 120, ± 140, ± 160.180 
0,±20, ±40, ±60, ±80, ± 100. ± 120, ± 140. ± 160.180 
± 10. ±30. ±50, ±70. ±90. ± 110. ± 130, ± 150. ± 170 
±5.6263, ±14.3737. ±25.6263. ±34.3737. 
±45.6263. ±54.3737. ±65.6263. ±74.3737. 
±85.6263. ±94.3737. ±105.6263. ±114.3737. 
±125.6263, ±134.3737, ±145.6263. ±154.3737. 
±165.6263, ±174.3737 
0,±20. ±40, ±60. ±80, ± 100. ± 120, ± 140. ± 160.180 
0.±20. ±40, ±60. ±80, ± 100, ± 120. ± 140, ± 160.180 
± 10. ±30, ±50, ±70, ±90, ± 110, ± 130, ± 150. ± 170 
0.±20. ±40, ±60, ±80. ± 100. ± 120. ± 140. ± 160.180 
0.±20, ±40, ±60, ±80, ± 100. ± 120, ± 140, ± 160,180 
0.±20, ±40, ±60. ±80, ± 100. ± 120, ± 140. ± 160.180 
0.-135.180.-168.69.135.153.4349.I71.8699 
v/-y/, X2-y 
Symbol 
> 
• 
- ^ 
. 
_ 
^ 
1 
> 
1> 
0 
D 
2 and X3-y3 axis. 
Magnitude 
xl-yl axis 
0.1182 
0.2994 
0.2692 
0.152 
0.3405 
0.4909 
0.0772 
0.1954 
0.4377 
0.361? 
0.2222 
0.5627 
0.2857 
0.6399 
0.145 
0.4176 
0 
Magnitude 
x2-y2 axis 
0.2222 
0 
0.2222 
0.3894 
0.2222 
0.2222 
0.2222 
0 
0.3849 
0.2222 
0.2222 
0 
0.3849 
0.2222 
0.2222 
0.4444 
0.6667 
Magnitude 
x3-y3 axis 
0.145 
0.1954 
0.3619 
0.2857 
0.0772 
0.2692 
04176 
0 5627 
0 152 
0.4909 
0.2222 
0.2994 
0 4377 
0.1182 
0.6399 
0.3405 
0 
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daxis 
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Z7 
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o =0 
t\ 
ti 
0 * 
^ 0 0 
Fig. 9.2 Phase-to-neutral voltage space vectors for states 0-512 (zero states are at origin) in d-q plane. 
'1 axis 
4 
1/ [» 
- •• o 0 •• 
' • * • •• : • • » ; • 
* . a • . • • • ' • • • •.• • , , r i ' • •••••••• • • ' • i i " ! > o-'i^v"'--.--'-'. "/^ v « •••••••••'• o • • 
•« q*. iv3 '^<;/fe,,-,-,-.AS, «• 
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.i^  
; / : 0:0 
7 s; 
» . ' • • • • • • ^ • • • - m - . 
' • • ; • • • , • • , • • > 
Fig. 9.3 Phase-to-neutral voltage space vectors for states 0-512 (zero states are at origin) in ;c;-;'; plane. 
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y2axis 
X2axis 
Fig. 9.4 Phase-to-neutral voltage space vectors for states 0-512 (zero states are at origin) in Xry2 plane. 
• k 
' - o C ) ^ 
° 00 
ti^ 
Q ^ i V 
• / I f 
< ] < <t < 
yaaxis 
A • 
. • -P 
> r,tl ^ •* *"* » • \ i3U *• 
<7 
Z7 
zC7 
/ 
,o • 
—•—i) ) l> • T'—B K — Xsaxis 
> . "• 4 » . • • ; : ^ A 
/ 
£7 
^ 
d" I? f = ^ • 'o 
Fig. 9.5 Phase-to-neutral voltage space vectors for states 0-512 (zero states are at origin) in Xs-yi plane. 
Table 2- Magnitudes and phase angle of vectors in d-q, xj-yj^ X2-y2 and xs-ys axis. 
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Decimal 1 
values 1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
Equivalent 
binary no. 
000000000 
000000001 
000000010 
0000000II 
000000100 
000000101 
000000110 
000000111 
000001000 
OOOOOIOOI 
OOOOOIOIO 
0000010II 
000001100 
000001101 
000001 no 
000001111 
000010000 
000010001 
000010010 
000010011 
OOOOIOIOO 
OOOOIOIOI 
OOOOIOIIO 
0000101II 
OOOOIIOOO 
000011001 
000011010 
000011011 
oooomoo 
000011101 
000011110 
00001 nil 
000100000 
000100001 
000100010 
oooiooon 
(WOIOOIOO 
OOOIOOIOl 
oooioono 
000100111 
000101000 
OOOIOIOOl 
d-q axis 
Magi 
(P.u.) 
0 
0.2222 
0.2222 
0.4176 
0.2222 
0.3405 
0.4176 
0.5627 
0.2222 
0.2222 
0.3405 
0.4377 
0.4176 
0.4377 
0.5627 
0.6399 
0.2222 
0.0772 
0.2222 
0.2857 
0.3405 
0.2994 
0.4377 
0.4909 
0.4176 
0.2857 
0.4377 
0.4176 
0.5627 
0.4909 
0.6399 
0.6399 
0.2222 
0.0772 
0.0772 
0.1954 
0.2222 
0.152 
0.2857 
0.3619 
0.3405 
0.152 
AngI 
(deg.) 
0 
-40 
-80 
-60 
-120 
-80 
-100 
-80 
-160 
-100 
-120 
-90 
-140 
-no 
-120 
-100 
160 
-120 
-140 
-90 
-160 
-120 
-130 
-103.083 
180 
-150 
-150 
-120 
-160 
-136.918 
-140 
-120 
120 
40 
-160 
-60 
180 
-no 
-130 
-92.122 
160 
-170 
xl-yl axis 
Mag2 
(p.u.) 
0 
0.2222 
0.2222 
0.3405 
0.2222 
0.0772 
0.3405 
0.2994 
0.2222 
0.2222 
0.0772 
0.152 
0.3405 
0.152 
0.2994 
0.1182 
0.2222 
0.4176 
0.2222 
0.4377 
0.0772 
0.1954 
0.152 
0.2692 
0.3405 
0.4377 
0.152 
0.3405 
0.2994 
0.2692 
0.1182 
0.1182 
0.2222 
0.4176 
0.4176 
0.5627 
0.2222 
0.2857 
0.4377 
0.4909 
0.0772 
0.2857 
Ang2 
(deg.) 
0 
-80 
-160 
-120 
120 
-160 
160 
-160 
40 
-20 
120 
-90 
80 
50 
120 
160 
-40 
-60 
-100 
-90 
40 
-60 
-170 
-114.374 
0 
-30 
-30 
-60 
40 
-5.6263 
80 
-60 
-120 
-100 
-140 
-120 
180 
-130 
-170 
-143.083 
-40 
-70 
x2-y2 axis 
Mag3 
(p.u.) 
0 
0.2222 
0.2222 
0.2222 
0.2222 
0.2222 
0.2222 
0 
0.2222 
0.4444 
0.2222 
0.3849 
0.2222 
0.3849 
0 
0.2222 
0.2222 
0.2222 
0.4444 
0.3849 
0.2222 
0 
0.3849 
0.2222 
0.2222 
0.3849 
0.3849 
0.4444 
0 
0.2222 
0.2222 
0.2222 
0.2222 
0.2222 
0.2222 
0 
0.4444 
0.3849 
0.3849 
0.2222 
0.2222 
0.3849 
Ang3 
(deg.) 
0 
-120 
120 
180 
0 
.-60 
60 
173.991 
-120 
-120 
180 
-150 
-60 
-90 
176.6335 
-120 
120 
180 
120 
150 
•60 
127.875 
90 
120 
180 
-150 
150 
180 
117.7967 
-120 
120 
180 
0 
-60 
60 
168.1113 
0 
-30 
30 
0 
-60 
-90 
x3-y3 axis 
Mag4 
(p.u.) 
0 
0.2222 
0.2222 
0.0772 
0.2222 
0.4176 
0.0772 
0.1954 
0.2222 
0.2222 
0.4176 
0.2857 
0.0772 
0.2857 
0.1954 
0.145 
0.2222 
0.3405 
0.2222 
0.152 
0.4176 
0.5627 
0.2857 
0.3619 
0.0772 
0.15.2 
0.2857 
0.0772 
0.1954 
0.3619 
0.145 
0.145 
0.2222 
0.3405 
0.3405 
0.2994 
0.2222 
0.4377 
0.152 
0.2692 
0.4176 
0.4377 
Ang4 
(deg.) 
0 
-160 
40 
120 
-120 
-140 
-40 
-140 
80 
140 
60 
90 
160 
-170 
60 
140 
-80 
-120 
-20 
-90 
-100 
-120 
-70 
-107.878 
0 
-150 
30 
60 
-100 
-132.122 
-20 
-120 
120 
160 
80 
120 
180 
-170 
110 
165.6263 
100 
130 
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42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
OOOIOIOIO 
000101011 
000101100 
000101101 
000101110 
000101111 
000110000 
000110001 
000110010 
000110011 
000110100 
000110101 
OOOIIOIIO 
000110111 
000111000 
000111001 
000111010 
0001 n o i l 
000111100 
000111101 
0001 111 10 
0001 111 11 
001000000 
001000001 
001000010 
001000011 
001000100 
001000101 
001000110 
OOlOOOIll 
001001000 
OOIOOIOOI 
001001010 
001001011 
001001100 
001001101 
001001110 
001001 ill 
001010000 
001010001 
001010010 
001010011 
OOIOIOIOO 
001010101 
0.2994 
0.2692 
0.4377 
0.3405 
0.4909 
0.4909 
0.4176 
0.1954 
0.2857 
0.145 
0.4377 
0.2692 
0.4176 
0.3619 
0.5627 
0.3619 
0.4909 
0.3619 
0.6399 
0.4909 
0.6399 
0.5627 
0.2222 
0.2222 
0.0772 
0.2857 
0.0772 
0.152 
0.1954 
0.3619 
0.2222 
0 
0.152 
0.2222 
0.2857 
0.2222 
0.3619 
0.4176 
0.3405 
0.152 
0.152 
0.0772 
0.2994 
0.1182 
-160 
-114.374 
-170 
-140 
-143.083 
-116.918 
140 
140 
170 
-140 
170 
-165.626 
-160 
-127.878 
160 
172.122 
-176.918 
-152.122 
180 
-163.083 
-160 
-140 
80 
20 
0 
-30 
160 
-50 
-100 
-67.878 
140 
-135 
-150 
-80 
-170 
-120 
-132.122 
-100 
120 
90 
150 
-60 
160 
-160 
0.1954 
0.3619 
0.152 
0.0772 
0.2692 
0.2692 
0.3405 
0.5627 
0.4377 
0.6399 
0.152 
0.3619 
0.3405 
0.4909 
0.2994 
0.4909 
0.2692 
0.4909 
0.1182 
0.2692 
0.1182 
0.2994 
0.2222 
0.2222 
0.4176 
0.4377 
0.4176 
0.2857 
0.5627 
0.4909 
0.2222 
0 
0.2857 
0.2222 
0.4377 
0.2222 
0.4909 
0.3405 
0.0772 
0.2857 
0.2857 
0.4176 
0.1954 
0.145 
-140 
-107.878 
110 
-100 
165.6263 
-145.626 
-80 
-80 
-110 
-100 
-110 
-92.122 
-140 
-116.918 
-40 
-56.9175 
-85.6263 
-83.0825 
0 
-54.3737 
-140 
-100 
160 
-140 
180 
-150 
140 
170 
160 
-176.918 
100 
-166.76 
150 
-160 
110 
120 
136.9175 
160 
-120 
-90 
-150 
-120 
140 
-140 
0 
0.2222 
0.3849 
0.4444 
0.2222 
0.2222 
0.2222 
0 
0.3849 
0.2222 
0.3849 
0.2222 
0.4444 
0.2222 
0 
0.2222 
0.2222 
0.2222 
0.2222 
0.2222 
0.2222 
0 
0.2222 
0.4444 
0.2222 
0.3849 
0.2222 
0.3849 
0 
0.2222 
0.4444 
0.6667 
0.3849 
0.5879 
0.3849 
0.5879 
0.2222 
0.4444 
0.2222 
0.3849 
0.3849 
0.4444 
0 
0.2222 
169.992 
-120 
-30 
-60 
0 
-60 
60 
122.4712 
90 
120 
30 
0 
60 
60 
116.5651 
-120 
120 
180 
0 
-60 
60 
153.4349 
-120 
-120 
-180 
-150 
-60 
-90 
-150.945 
-120 
-120 
-120 
rl50 
-139.107 
-90 
-100.893 
-120 
-120 
180 
-150 
150 
180 
27.89 
-120 
0.5627 
0.4909 
0.2857 
0.4176 
0.3619 
0.3619 
0.0772 
0.2994 
0.15-2 
0.1182 
0.2857 
0.4909 
0.0772 
0.2692 
0.1954 
0.2692 
0.3619 
0.2692 
0.145 
0.3619 
0.145 
0.1954 
0.2222 
0.2222 
0.3405 
0.152 
0.3405 
0.4377 
0.2994 
0.2692 
0.2222 
0 
0.4377 
0.2222 
0.152 
0.2222 
0.2692 
0.0772 
0.4176 
0.4377 
0.4377 
0.3405 
0.5627 
0.6399 
80 
103.0825 
130 
160 
92.122 
127.878 
-160 
-160 
50 
160 
-130 
-143.083 
-100 
-145.626 
100 
154.3737 
67.878 
105.6263 
180 
-167.878 
80 
160 
-40 
-100 
0 
-30 
-80 
-110 
-40 
-85.6263 
20 
110.556 
30 
40 
-50 
-120 
5.6263 
-40 
-60 
-90 
•30 
-60 
•80 
-100 
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86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
no 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
OOIOIOIIO 
001010111 
OOlOllOOO 
001011001 
OOIOIIOIO 
ooioiion 
OOIOIIIOO 
OOIOIIIOI 
ooioimo 
ooioniii 
001100000 
001100001 
001100010 
001100011 
001100100 
OOIIOOIOI 
oonoono 
001100111 
001101000 
OOllOIOOl 
OOIIOIOIO 
OOllOIOIl 
OOIIOIIOO 
OOIIOIIOI 
ooiionio 
OOllOllll 
001110000 
ooinoooi 
OOIIIOOIO 
001 noon 
oflinoioo 
001110101 
OOIIIOIIO 
001110111 
001111000 
ooinjooi 
ooniioio 
001111011 
oomnoo 
ooiniioi 
ooinnio 
ooninii 
010000000 
010000001 
0.2692 
0.2692 
0.4377 
0.2222 
0.3405 
0.2222 
0.4909 
0.3405 
0.4909 
0.4377 
0.4176 
0.2857 
0.1954 
0.145 
0.2857 
0.0772 
0.145 
0.145 
0.4377 
0.2222 
0.2692 
0.0772 
0.4176 
0.2222 
0.3619 
0.2857 
0.5627 
0.3619 
0.3619 
0.145 
0.4909 
0.2692 
0.3619 
0.1954 
0.6399 
0.4176 
0.4909 
0.2857 
0.6399 
0.4377 
0.5627 
0.4176 
0.2222 
0.3405 
-154.374 
-105.626 
150 
160 
180 
-140 
176.9175 
-160 
-156.918 
-130 
100 
70 
100 
20 
130 
100 
180 
-80 
130 
120 
154.3737 
-160 
160 
180 
-167.878 
-130 
120 
107.878 
132.122 
120 
143.0825 
145.6263 
167.878 
-160 
140 
J 40 
156.9175 
170 
160 
170 
180 
-160 
40 
0 
0.3619 
0.3619 
0.152 
0.2222 
0.0772 
0.2222 
0.2692 
0.0772 
0.2692 
0.152 
0.3405 
0.4377 
0.5627 
0.6399 
0.4377 
0.4176 
0.6399 
0.6399 
0.152 
0.2222 
0.3619 
0.4176 
0.3405 
0.2222 
0.4909 
0.4377 
0.2994 
0.4909 
0.4909 
0.6399 
0.2692 
0.3619 
0.4909 
0.5627 
0.1182 
0.3405 
0.2692 
0.4377 
0.1182 
0.152 
0.2994 
0.3405 
0.2222 
0.0772 
172.122 
-152.122 
30 
-40 
180 
-100 
85.6263 
40 
134.3737 
-170 
-160 
-130 
-160 
-140 
170 
-160 
180 
-160 
170 
-120 
-172.122 
-140 
140 
180 
163.0825 
-170 
-120 
-103.083 
-136.918 
-120 
-165.626 
-127.878 
-163.083 
-140 
-80 
-80 
-134.374 
-no 
140 
-no 
180 
-140 
80 
0 
0.2222 
0.2222 
0.3849 
0.5879 
0.4444 
0.5879 
0.2222 
0.4444 
0.2222 
0.3849 
0.2222 
0.3849 
0 
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9.3 PULSE WIDTH MODULATION TECHNIQUES OF A NINE-PHASE VSI 
Pulse Width modulation technique is the most basic method of energy processing in 
power electronic converters as discussed in previous chapters. This section describes the 
PWM techniques employed for controlling a nine-phase voltage source inverter. The basic 
underlying principle of PWM techniques remains the same as that of three-phase voltage 
source inverter. Purpose here is to generate the nine-phase sinusoidal output voltage. Since 
only linear modulation region is under scope of interest here, modulation index is defined as 
the ratio of the fundamental component amplitude of the line-to-neutral inverter output 
voltage to one half of the DC bus voltage. 
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^t = 77~ (9-6) 
To keep consistency, similar to other phase numbers, here also same PWM schemes are 
elaborated; 
1. Carrier based sinusoidal PWM 
2. Ninth harmonic injection pulse width modulation scheme 
3. • Offset addition pulse width modulation scheme 
4. Space vector pulse width modulation scheme 
5. Time equivalent space vector pulse width modulation (TESVPWM) scheme 
6. Artificial neural network based space vector pulse width modulation. 
9.3.1 CARRIER BASED SINUSOIDAL PULSE WIDTH MODULATION SCHEME 
Carrier-based PWM techniques include modulation signals and carrier signals. 
Modulation signals are compared with high frequency carrier signal and, as a result, 
switching signals are generated for each phase. A universal representation of modulation 
signals for nine-phase carrier-based modulator can be written as 
Viit) = vldt) + v^oCt) (9.7) 
Where Vno(t) represents zero sequence signals and vKt) are fundamental signals 
(nine sinusoidal signals displaced by - - ) . Thus the maximum output phase voltages from a 
nine-phase VSI are limited to 0.5 p.u. as that of other phase numbers. The normalised peak 
value of the triangular carrier wave is ±0.5 in linear region of operation. Fig. 9.6 shows the 
principle of carrier based PWM signal for nine-phase voltage source inverter and Fig. 9.7 
shows the PWM waveform generation in Carrier-based Sinusoidal method. Matlab/Simulink 
model is developed and the simulation results are illustrated in Fig. 9.8. The dc link voltage 
is kept unity so that the results are in per unit. The switching frequency is kept 5 kHz. The 
fundamental frequency is kept 50 Hz. The output voltage is 0.5 p.u. Fig. 9.8(a) show the 
filtered output current and Fig 9.8(b) shows the harmonic spectrum for the phase 'a' voltage. 
The obtained results are same as expected for a nine-phase VSI. 
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Fig. 9.6 Principle of carrier-based PWM technique 
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Fig. 9.7 PWM wavclbrm generation in Carrier-based Sinusoidal method 
©Mohd. Arif Khan Page 174 
Chapter 9; Nine-Phase Voltage Source Inverter-Modelling and Control for Single Motor Drive I 2 0 1 0 
The simulation results illustrated in Fig. 9.8 shows a typical response of carrier-based PWM. 
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(a) Filtered output current (b) harmonic spectrum phase "a" voltage 
Fig. 9.8 Simulation results of the carrier based PWM scheme 
9.3.2 HARMONIC INJECTION PULSE WIDTH MODULATION SCHEME [9.41 
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. . • . 
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The output magnitude of a voltage source inverter can be enhanced by injecting 
proper harmonic content in the modulating signal and comparing with the high frequency 
carrier [9.4]. Optimal level for the «''' harmonic component is found from 
where (9.8) takes the positive sign for n = (3, 9, 11, 15...) and negative sign for n = (5, 9, 13, 
19...). Thus, for a nine-phase system, the ninth harmonic is in phase with the fundamental 
and has the amplitude 
Vg = ±jsin ( ^ ) « 0.01929 * Ki (9.9) 
With zero sequence signal defined by 
Vno = V^sin(9a)t) (9.10) 
The resulting modulating signal has the form (phase a) 
Va= Ml* 0.5 V[)csin(a)t) + 0.01929 * M^ * 0.5 VDcsin(9(ot) (9.11) 
In the linear region for maximum value of modulation index |Ua(t)l = O-Sl^ oc (9-12) 
General expression for maximum possible modulation index in the linear region in case of 
n'"^  harmonic injection has the form 
Mn= ±-
cos (^) 
(9.13) 
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From where it can be found that maximum value of the modulation index is 1.0154; This is 
an Increase of 1.54% in the DC bus utilization when compared to sinusoidal PWM. 
+ + ^ _ 
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Fig. 9.9 Principle of iiarmonic injection based PWM technique 
Block diagram representation of harmonic injection based PWM scheme is shown in Fig 
9.9. The simulation conditions are kept same as section 9.3.1 and the resulting waveforms 
are as shown in Fig. 9.10 (a) shows the filtered output current after connecting the RL load 
at the output terminals. Fig. 9.10 (b) shows the harmonic spectrum for the phase 'a' voltage 
and Fig 9.8 (c) shows the modulating signal after adding the third harmonic injection with 
the reference signal. 
008 
0.03 0 035 
Time (secj 
(a) Filtered output current (b) harmonic spectrum phase "a" voltage 
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(c) Modulating signal after the harmonic injection 
Fig. 9.10 Simulation results of the harmonic injection based PWM scheme 
9.3.3 OFFSET ADDITION PULSE WIDTH MODULATION SCHEME 
The offset voltage is given as 
V V +V iiia\ nun 
2 (9.14) 
where v,„ax = max (v„,v/„Vf,v,/,v<,,vy;VgV/,,,v,) and v„„„ = min {va,Vb,VoVci,Ve,Vfyg. Vh v,). Block 
diagram representation of offset addition based PWM scheme is shown in Fig 9.11. 
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Fig. 9.11 Principle of offset addition based PWM technique 
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Fig. 9.12 Simulation results of the offset addition based PWM scheme without increasing the modulation index 
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(c) Modulating signal and reference signal for phase a (d) Equivalent Offset time signals 
Fig. 9.13 Simulation results of the offset addition based PWM scheme with increased modulation index 
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The simulation results for nine-phase voltage source inverter using offset addition 
based PWM scheme are shown in Fig 9.12 & Fig 9.13. Fig 9.12(a) shows the reference 
signal and the modulating signal after adding the offset voltage and it seen that there is a 
scope of increasing the modulation index due to reduced peak of the modulating signal. Fig. 
9.12(b) shows the hamionic spectrum for the phase a voltage with the fundamental 
component at 50 Hz with a magnitude of 0.4987 p.u. peak. Fig. 9.13(a) shows the filtered 
output current after connecting a RL load at the output terminals with increased modulation 
index and Fig 9.13(b) depicts the harmonic spectrum for phase a voltage with the 
fundamental component at 50 Hz with a magnitude of 0.5063 p.u. peak. Reference signal 
and the modulating signal after increasing the modulation signal are shown in Fig.'9.13(c) 
and Fig 9.13(d) shows the equivalent modulating signals for all the phases. 
9.3.4 SPACE VECTOR PULSE WIDTH MODULATION SCHEME 
As emphasised in Dujic et al (2009), the number of applied active space vectors for 
multi-phase VSI with an odd phase number should be equal to(/7-l), n is the number of 
phases of inverter, for sinusoidal output. The switching pattern and the sequence of the 
space vectors for this scheme are illustrated in Fig. 9.14. It is observed from the switching 
pattern of Fig. 9.14 that the switching in all the phases are staggered i.e. all switches change 
state at different instants of time. The requirement is that each switch changes state only 
twice in a switching period. 
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Fig. 9.14 Switching pattern and space vector disposition for one cycle of operation 
Eight active space vectors, selected for each sector, from two groups that are collinear in two 
directions, labelled here as "a' and 'b'. To determine the total application time of active 
space vectors for any sectors 's' [Dujic et al(2007)] 
^ « 7 ^ \v,\sinW9) ^s (9.15) 
_ |r|sin(.<)-(s-l)7r/9) 
^ " - ^ |v,|sin(;r/9) ^^ (^-l^) 
Where \Vi\ = 0.6399Vcic represents magnitude of the largest vector group and K is the scaling 
factor equal to 1.24 enables the operation of the modulator in the linear regionwith unity gain. Total 
time of application of zero space vectors is 
to = ts-ta-h (9.17) 
and is equally shared among the two zero vectors v„ and vm. Total application times, 
calculated for active space vectors must be distributed properly among eight active space 
vectors in such a way that 
ta = tal + ta2 + a^S + ta*: h = tftl + tfcZ + 6^3 + hi \ (9.18) 
in order to determine the values of dwell times, position and magnitudes of selected active 
space vectors must be considered not only in the first plane but also in other three planes. 
The dwell factor for the active space vectors are obtained as 
tai = 0.1206 * ta tfti = 0.1206 * t^ 
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ta2 = 0.2267 * ta tb2 = 0.2267 • tb 
taj = 0.3054 * ta tb3 = 0.3054 * t^ (9.19) 
t„4 = 0.3473 * ta tb4 = 0-1206 * t^ 
Similar to the case of three-phase SVPWM, there is a difference in the vector sequence, 
applied in odd and even sectors, in order to preserve the minimal number of commutations. 
In all sectors first half of the sequence is VQ, Vai, Vb2- ^az- ^b'i- ^ai- ^ b3> ^a2- ^bv i'su' while 
in even sectors the sequence is different, VQ, Vbv i?a2> ^b3' a^4> ^bA> i^ a3> ^b2' ^ai' '^sii-
Another method for nine-phase SVPWM is "space vector modulation of nine-phase 
voltage source inverter based on three-phase decomposition" [Grandi et al (2007)]. The 
proposed three-phase decomposition leads to a triple three-phase system, opening the 
possibility to obtain a general SVPWM algorithm having a full and independent control of 
all the four voltage space vectors of the nine-phase VSI. It is shown that each one of the 
three-phase VSI can be regulated by a standard SVPWM technique only if the three central 
points of the three-phase load are insulated, whereas the modulation of the zero-sequence 
component must be introduced for each three-phase VSI in the case of the nine-phase load 
with a single neutral point. 
9.3.5 TIME EQUIVALENT SPACE VECTOR PULSE WIDTH MODULATION 
SCHEME (TESVPWM) 
The proposed modulation called here "Time Equivalent Space Vector PWM 
(TESVPWM)" utilises simply the sampled reference voltages to generate the gating time for 
which each inverter leg to yield sinusoidal output. This method is an extension of the 
technique developed for a three-phase VSI. The algorithm is given below. Where Vx; 
x=a,b,cAe,f,g,h,i; is the sampled amplitudes of reference phase voltages during sampling 
interval and 7^  is the inverter switching period. T^; x=a,h,c,d,ej',g,h,i; are referred as time 
equivalents of the sampled amplitudes of reference phase voltages. Tmax and T„i„ are the 
maximum and minimum values of Tx during sampling interval. To is the time duration for 
which the zero vectors is applied in the switching interval. Toffset is the offset time when 
added to time equivalent becomes gating time signal or the inverter leg switching time Tg,, 
x=a„l),c,d,e/.g,h,i. 
Algorithm of the proposed TESVPWM: 
I. Sample the reference voltages V^ Vb, Vc, Vj. V,, Vj- Vg V,, <& F/ in every switching 
period Ts. 
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2. Determine the equivalent times T/.r?, TsJi Ts. Tf,. Ti, Ts & Tg given by expreesion. 
where x a,b,c,d,e,f,g,h and i; r^^ = i„ x 7-, 
dc 
-> r\ ^ • T ,. ^S 'max "•  'min 
3. Determine To^ K,; ^offsei= — -- dc 
4. Then the inverter leg switching times are obtained as 
T^, = T, + T„ff,„, where x = x a.b.cAe/.g.h and i. 
Fig. 9.15 shows the principal of Time Equivalent method for nine-phase, if one fundamental 
cycle of modulating signal is divided into ten equal parts (sectors) and sampling is done in 
the first part then the equivalent mathematical analysis for first part is given below and on 
the basis of this analysis the equivalent switching wave form is shown in Fig. 9.16. 
Sector 1 
Tmax = Ta; T^jn = Tf; . (9.20) 
'effective" 'max ~ 'min ~ T^  —If (9.21) 
o^ffset = "7 - Tmin = ^ " Tf'. (9.22) 
T i=Ta-Tb ; T2=Tb-Ti; T3 = Tj - Tc: T4 = Tc - TH; (9.23) 
T5=Th-Trf ; \ = Ta-y T7 = Tg-Te; Tg = Te - Tf; (9.24) 
Tga= Ta+Toff,et = ^a + J " Tf = y + T^  + T2 + T3 + T4 + T5 + T^ + T7 + Tgl 
(9.25) 
Tgb = Tb + ^ - Tf = ^ + +Ti + T2 +T3 + T4 + T5 + Te + T^; (9.26) 
Tgc = Tc + ^ - If = ^ + Ti + T2 + T3 + T4 + T5; (9.27) 
Tgd = Td+^-Tf = ^ ; (9.28) 
Tge = Te + ^ - T d = ^ + T 6 ; (9.29) 
Tgf = Tf + ^ - Td=^+ T4+ T5+ \: (9.30) 
'^s& = \ + T- Td = 7 + T 2 + T 3 + T 4 + T 5 + T 6 : (9.31) 
Tgh = 'rg + ^ - Tf = ^ + Ti+ T2+ T3+ T4; 
y = \ + T~ '^f = ^+ Ti+ T2+ T3+ T4+ T5+ \; 
(9.32) 
(9.33) 
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From the switching waveform of Fig. 9.16, for first part the space vectors used are 
256,384,385,449,451,483,487 and 503 for the implementation of modulation scheme. The 
switching waveforms obtained using TESVPWM is same as obtained from the SVPWM 
scheme in Dujic et al (2007). Their positions in the d-q, xi-yi. x:-y2 and x^-ys axis can be 
seen in Fig 9.2 - Fig. 9.4. The nine-phase voltage is provided with amplitude equals to ± 0.5 
VDC and VDC is kept unity. The switching frequency is chosen equal to 5 KHz. 
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Fig. 9.17 Simulation results of the proposed TESVI'WM based scheme 
Fig. 9.17(a) shows the filtered output voltage after connecting a R-L load at the output 
terminals and Fig. 9.17(b) shows the harmonic spectrum for the output phase 'a' voltage 
having 50 Hz component with a magnitude of 0.5065 p.u. peak. Fig. 9.17(c) shows the offset 
time signals as calculated after the mathematical analysis; it shows both the maximum value 
as well as the minimum value for the offset and the offset time signal. Fig. 9.17(d) shows the 
net modulating signals after adding the offset signal to equivalent time signal for each phase. 
Thus it can be concluded that the output of this scheme is similar to the one offered by the 
space vector PWM. 
Table 3 Vectors used for TESVPWM in different sectors 
Sector No. 
1 
2 
3 
4 
5 
6 
9 
8 
9 
10 
Vectors 
256,384,385.449,451,483,487,503 
128,192,448,480,481,497,499,507 
64,96,224,240,496,504,505,509 
32,48,112,120,248,252,508,510 
16,24,56,60,124,126,254,255 
8,24,28,60,62,126,127,383 
4,12.14,30.31,63,319,383 
2,6,7,15,271,287,415,447 
2,3,7,263,271,399.415,479 
1,257,259,387,391,455,463,495 
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9.3.6 ARTIFICIAL NEURAL NETWORK BASRD SPACE VECTOR PULSE WIDTH 
MODULATION. 
This section elaborates the modulation of a nine-phase VSI based on artificial neural 
network approach. The technique employed here is similar to the one used in the previous 
chapters. The basic block schematic of ANN based modulator is given in Fig. 9.14. 
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Fig. 9.19 Matlab/Simulink model for the nine-phase VSI using ANN 
The reference signal in TESVPWM is taken as input neuron values and the modulating 
signals in TESVPWM scheme is taken as the target values. Then the Matlab neural network 
tool is used for the training and simulation purpose which is later formed the ANN block for 
the above scheme. There are three layers in the neural network, one is input layer with nine 
neurons, one hidden layer with ten neurons and one output layer with nine neurons. Feed-
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forward back propagation type network is used and the Levenberg-Marquardt 
backpropagation "trainlm" training function is used for tiie simulation purpose. The 
Gradient descent with momentum weight and bias learning (LEARNGDM) adaptation 
learning function and Mean squared error (MSE) performance function is used. Transfer 
function is hyperbolic tangent sigmoid transfer function (TANSIG) type. 
The simulation results for nine-phase voltage source inverter are shown in Fig. 9.15 
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Fig 9.20 Simulation results using ANN for nine-phase VSI 
Fig. 9.20a) shows the filtered output voltage after connecting a R-L load at the output 
terminals and Fig. 9.20(b) shows the harmonic spectrum for the output phase 'a' voltage 
with FFT. Fig. 9.20(c) shows the net modulating signals and Fig. 9.20(d) shows the 
reference input signals. The results are typical for the discussed PWM schemes. 
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Chapter 10 
Conclusion and Future Work 
10.1 SUMMARY AND CONCLUSIONS 
Multi-phase (more than three-phase) drive systems are considered for niche 
application areas such as ship propulsion and 'more electric aircraft'. This is due to the fact 
that the multi-phase motors offer some inherent advantages when compared to their three-
phase counterpart. One distinct feature of multi-phase motor drives is that they can be used 
as in multi-motor operating mode. In this mode of operation two or more multi-phase 
machine's stator windings are connected in either series or parallel and the supply is given 
from a single multi-phase voltage source inverter. It is only the stator windings which are 
connected in series while their rotor shafts can be connected to entirely different loads and 
they can be operated in different conditions. Thus independent and decoupled control of two 
or more motors connected in series or parallel is possible while the combination of motors 
are being supplied from only one multi-phase converter. Since independent and decouple 
control is required, special modulation techniques need to be developed for such drive 
system. This thesis thus focuses on the development of appropriate modulation strategies for 
multi-phase voltage source inverter supplying multi-motor drive system. To maintain the 
flow of the concept, control for single motor drive is also included at each stage. It is found 
from the literature that the most promising phase numbers are five and six. Increasing 
further the phase numbers leads to more complications without much benefits. Nevertheless, 
the thesis explored other phase numbers of the inverter as well; in addition to five and six, 
seven and nine phase drive is also considered. 
The thesis discusses what assumed as the most appropriate pulse width modulation 
techniques for controlling multi-phase voltage source inverters. The PWM schemes 
encompassed in the thesis are; carrier-based sinusoidal PWM, harmonic injection scheme, 
offset addition method, space vector PWM. time equivalent PWM and finally artificial 
neural network based PWM. These PWM schemes are verified by simulation and for five 
and six phase number by experimentation as well. The simulation and experimental results 
obtained matches very closely. The major requirement of the inverter for single motor drive 
system is to produce voltage components only in the d-q plane while eliminating the voltage 
components in the x-y plane to ensure sinusoidal output (for distributed winding machine). 
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In case of supply to the concentrated winding machine the voltage components o(x-y plane 
may also play an important role of enhancing the output torque, thus in such situation the 
requirement of PWM would be to generate controllable .v->' components. The basic principle 
of control decoupling in multi-motor drive system lies in the fact that the d-q component of 
one machine becomes the x-y components of the other machine and vice versa. Thus both d-
q component control one machine while the x-y component control the second and 
subsequent machines. Hence, the requirement of the PWM is to generate two or more 
independent fundamental frequency components to independently control the series/parallel 
connected machines. The thesis investigates different control strategies of multi-phase 
voltage source inverter supplying for such drive configuration. Next section elaborates the 
conclusions drawn from each chapter. 
Chapter 3 is devoted to the modelling and control aspect of a five-phase voltage 
source inverter. Modelling using space vector theory is reviewed. The.space vector model 
generate 32 space vectors with 30 active and 2 zero vectors. The phase variable model is 
transformed to obtain two orthogonal set of vectors namely d-q and x-y. The conventional 
PWM technique based on comparison of high frequency carrier with sinusoidal modulating 
signal is evaluated at first. The normalised peak value of the output voltage 0.5 p.u. in the 
linear region of operation. Thus the output phase voltage from a three-phase and a five-
phase VSI are same when utilising the carrier-based sinusoidal PWM. 
The effect of addition of harmonic with reverse polarity in any signal is to reduce the peak 
of the reference modulating signal. Following the same principle, fifth harmonic injection 
PWM scheme is used to increase the modulation index of a five-phase VSI. The output 
fundamental voltage is increased by 5.15% higher than the value obtainable using simple 
carrier-based PWM by injecting 6.18% fifth-harmonic in fundamental. The fifth-harmonic is 
in opposite phase to that of the fundamental. Thus by using this scheme, higher dc bus 
utilisation is possible. 
Another way of increasing the modulation inde.x is to add an offset voltage to the references. 
The offset voltage addition is effectively adding 5n harmonic in case of a five-phase VSI. In 
a five-phase VSI the offset is found as the fifth harmonic triangular wave of 9.55% of the 
fundamental input reference. The output of the inverter once again reaches to the same level 
as obtainable using only 5"" harmonic injection scheme. This is shown in the thesis using 
simulation approach. 
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The principle of space vector PWM lies in the switching of inverter legs in a special way so 
as to apply a set of space vector for specific time. In the case of a five-phase VSI, state 
vectors forms three concentric decagons with 36 degree sectors and in total ten sectors are 
formed. The largest possible fundamental peak output voltage that can be achieved using 
this scheme corresponds to the radius of the largest circle that can be inscribed within the 
decagon. This maximum fundamental peak output voltage K ,^ is 
»;^ =(2/5)2oos(zr/5)oos(;r/l0)i;,.=0.6l554f'„. if only two neighbouring outer large lengths vectors 
are used to synthesis the reference. The dc bus gain is maximum in this method, but the 
output contains undesirable low-order harmonics. To avoid distortion, four neighbouring 
vectors are used to implement SVPWM and the obtainable output is sinusoidal. However, 
the maximum possible output in this case is limited to 0.5257K/jc 
The proposed PWM called here time equivalent space vector PWM (TESVPWM) utilises 
simply the sampled reference voltages to generate the gating time for which each inverter 
leg to yield sinusoidal output. This method is an extension of the technique developed for a 
three-phase VSI, Chung et al (1998). The maximum possible output with this approach is 
same as one obtainable with the conventional space vector PWM. The major advantages 
offered by this scheme lies in their simpler real time implementation with minimal burden 
on the digital signal processor. 
Instead of implementing SVPWM using conventional techniques, it is possible to 
implement it by a feed-forward neural network because the SVPWM algorithm can be 
looked upon as a nonlinear input/output mapping. The space vector PWM is also essentially 
non-linear mapping and hence the Artificial neural network can be effectively used for such 
applications. ANN based SVPWM is reported in the literature and thus the technique is 
extended for a five-phase VSI as well. The results obtained using ANN and conventional 
SVPWM shows very much similar behaviour. However, there a marginal gain in the ANN 
based technique as suggested by the THD value of the spectrum. The THD of the phase 
voltage using ANN is 1.39% considering upto 20"^  odd harmonics while it is 1.52% using 
conventional SVPWM at 10 kHz switching frequency. The results are expected to be better 
for still higher switching frequency. 
Experimental set up is prepared in the laboratory to implement the PWM techniques. A 
Five-phase voltage source inverter is developed using intelligent power module from VI 
Micro systems, Chennai. Texas Instrument DSP TMS320F2812 is used as the processor to 
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implement the control algorithm. The experimental results are reported in the thesis and they 
fully verify the simulation results. 
Chapter 4 illustrates the five-phase voltage source inverter supplying five-phase series 
connected two motor drive system. The principle of control decoupling of two five-phase 
series-connected machines lies in the fact that the d-q voltage/current components of one 
machine becomes the x-y voltage/current components of the other machine and vice-versa. 
The PWM schemes available to control five-phase VSI for this application are reviewed in 
the thesis. For illustration purposes, two operating frequencies are chosen as 50 Hz and 25 
Hz. The voltage value is kept such as to keep v/f constant for the simulation and 
experimental approaches. 
Harmonic injection scheme is also investigated for five-phase series-connected two-motor 
drive system. The achievable increase in the modulation region is 5.15% similar to single 
motor drive system. The resulting output phase 'a" voltage spectrum shows that the 
fundamental contains two components at 25 Hz with magnitude of 0.1399 p.u. rms (0.1978 
peak) and at 50 Hz with magnitude of 0.2786 p.u. rms (0.3940 peak) as desired. 
Offset addition method is also investigated for five-phase series-connected two-motor drive 
system. The obtainable results suggest once again the same gain in the do bus as that 
obtainable with the five-phase single motor drive system. 
Time equivalent SVPWM is proposed for the five-phase two-motor drive system 
following the same principle as that of single motor drive system. Simulation is carried out 
keeping the same conditions. The proposed time equivalent space vector PWM 
(TESVPWM) shows that fundamental is composed of two frequency components of 
different frequency at 25Hz with a magnitude of 0.1750 p.u. rms (0.2474 p.u. peak) and 
50Hz with magnitude of 0.3501 p.u. rms (0.4951 p.u. peak). It is evident that the proposed 
method offer similar results as that of existing space vector PWM with the advantage of 
simpler real time implementation. 
The ANN based space vector PWM technique for a five-phase series connected two-
motor drive based on the proposed TESVPWM scheme is elaborated. The reference signal 
in TESVPWM is taken as input neuron values and the modulating signals in TESVPWM 
scheme is taken as the target values. The obtainable results are similar to the conventional 
schemes. It is important to note that the PWM schemes developed in the thesis considering 
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series-connected five-phase drive system, while these schemes are equally applicable to the 
parallel-connected five-phase two-motor drive system. 
Chapter 5 considers a six-phase voltage source inverter producing quasi six-phase output 
voltages to supply a quasi six-phase machine. Modelling using space vector theory is 
presented. Carrier based PWM scheme is reviewed as applied to the six-phase VSI and it is 
found that the maximum output phase voltages from a quasi-six phase VSI are once again 
limited to 0.5 p.u. 
For a six-phase system, the third harmonic is injected in phase with the fundamental. From 
where it can be found that maximum value of the modulation index is 1.0352 p.u. This is an 
increase of 3.52% in the DC bus utilization when compared to carrier-based sinusoidal 
PWM. The harmonic spectrum obtained using simulation and experimental investigations 
show that output consists of desired frequency (for illustration purpose it is chosen as 50 Hz) 
component with a magnitude of 0.3663 p.u. rms (0.51803 peak p.u.). 
The results obtained using the proposed TESVPWM shows that output also contains the 50 
Hz component with the magnitude of 0.3639 p.u. rms (0.51477 p.u. peak). Thus the 
obtainable output value is same as the previous case. The ANN based space vector PWM 
technique for a quasi six-phase drive based on TESVPWM scheme is also elaborated and 
the same conclusion applies here as well. 
Chapter 6 illustrates the six-phase voltage source inverter producing quasi-six phase 
output voltage for supplying quasi-six phase series connected two motor drive system. It is 
shown that a quasi six-phase supply enables two different configurations of the multi-motor 
drive. Both configurations permit independent control of two machines connected in series. 
Two different winding connection schemes are studied in the thesis namely Scheme 1 and 
Scheme H. Offset addition based scheme for scheme 1 shows that that fundamental 
composed of two components of frequencies at 25 Hz with a magnitude of 0.1559 p.u. rms 
(0.2205 peak) and at 50Hz with magnitude of 0.31 p.u. rms (0.4384 peak). One component 
controls the first machine at 25 Hz in a-^ plane and other component controls the second 
machine at 50 Hz in x-y plane. Gain in dc bus utilization due to offset addition for scheme 1 
indicating that instead of the dc link voltage of 2 p.u. the value of 1.7004 p.u. would have 
been sufficient to drive two motors. It is also important to note that the simulation is carried 
out for one frequency combination of 50 HZ and 25 Hz while the control scheme is capable 
of generating any frequency combination for independent control of two series/parallel 
connected machines. 
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For scheme 2 inverter output phase voUage shows that fundamental composed of two 
components of frequencies at 25 Hz with a magnitude of 0.1532 p.u. rms (0.2166 peak) and 
at 50Hz with magnitude of 0.3051 p.u. rms (0.4315 peak). Requirement of DC link voltage 
is also investigated for this scheme and it is found that instead of the dc link voltage of 2 p.u. 
the value of 1.7931 p.u. would have been sufficient. Thus by comparing the DC link voltage 
requirement, it can be concluded that Scheme I need lower DC link voltage value compared 
to the Scheme II. 
The simulations have done for both the schemes using proposed TESVPWM and the 
resulting waveform depicts similar performance. The reference signal in TESVPWM is 
taken as input neuron values and the modulating signals in TESVPWM scheme is taken as 
the target values and ANN based PWM is thus implemented. The same conclusion applies to 
the obtained results. 
Chapter 7 is dedicated to the modelling and control of a seven-phase VSI. Modelling using 
space vector theory is elaborated. Carrier based scheme is reviewed found that the maximum 
output phase voltages from a seven-phase VSI is also limited to 0.5 p.u. 
It is evident that the output magnitude of a voltage source inverter can be enhanced by 
injecting proper harmonic thus for a seven-phase system, the seventh harmonic is injected in phase 
with the fundamental and found that maximum value of the modulation index reaches 1.0257 p.u.. 
This is an increase of 2.57% in the DC bus utilization when compared to carrier-based sinusoidal 
PWM scheme. 
Offset addition and SVPWM schemes is also explored and proposed TESVPWM and ANN 
based schemes are further elaborated. Experimental investigation is performed to implement the 
proposed scheme for a seven-phase VSI. The experimental results obtained fully verify the 
simulation results. 
Chapter 8 develops PWM schemes for a seven-phase voltage source inverter supplying 
seven phase series-connected three motor drive system. T Here d-q component control one 
machine, .x/->^ / components control second machine and AJ-V^ control the third machine. Thus 
the requirement of the PWM scheme is to generate three voltage components in three 
different planes. To keep consistency with the other chapters same PWM scheme are also 
applied to this drive configuration. 
Carrier based scheme is implemented keeping the operating frequency of all the 
motors at 50 Hz and found that it contains a perfectly sinusoidal single component at 50 Hz 
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frequency with a magnitude of 0.3425 rms p.u. (0.4844 peak), a single component at 50 Hz 
frequency with a magnitude of 0.3422 rms p.u. (0.4839 peak) in xi-yi axis and single 
component at 50 Hz frequency with a magnitude of 0.3425 rms p.u. (0,4844 peak) in X2-y2 
axis. It is important to note that the DC link voltage is kept at 3 p.u. as three-motor drive 
system is under consideration. 
Offset addition based PWM scheme shows that the 50 Hz fundamental appears in d-
q plane with magnitude of 0.4702 rms p.u. (0.6649 peak) and 50 Hz fundamental appears in 
xi-yi plane with magnitude of 0.4698 rms p.u. (0.6644 peak) and a 50 Hz fundamental 
appears in X2-y2 plane with magnitude of 0.4705 rms p.u. (0.6654 peak). Gain in DC bus 
utilization due to offset addition indicating that instead of the dc link voltage of 3 p.u. the 
value of 2.7032 p.u. would have been sufficient to drive three motors. This is a gain of 
9.91% in DC bus value. Once again TESVPWM and ANN based schemes are also 
investigated for this drive system. The obtainable results closely match to the conventional 
space vector PWM. 
Chapter 9 is dedicated to the modelling and control of a nine-phase VSI. For a nine-
phase system, the ninth harmonic is injected in phase with (he fundamental and has the amplitude 
and found that maximum value of the modulation index is 1.0154. This is an increase of 
1.54% in the DC bus utilization when compared to carrier-based sinusoidal PWM. 
Offset addition based PWM scheme for nine phase shows that output contains the 
fundamental component at 50 Hz with a magnitude of 0.4987 p.u. peak. SVPWM based 
scheme and scheme proposed by the Grandi et al (2007) are studied and the proposed 
scheme TESVPWM scheme is elaborated in detailed and found that 50 Hz component with 
a magnitude of 0.5065 p.u. peak in the output phase voltage. Then ANN based scheme is 
proposed and simulated. 
A comparative performance of different PWM schemes for single and multi-motor 
drives system is elaborated in Table I. 
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Table 1 
S. No. 
\. 
2. 
3. 
4. 
5. 
6. 
7. 
Scheme 
Five-phase 
single motor 
drive 
Five- Pliase 
series connected 
two motor drive 
(50-50 Hz) 
Six-phase 
asymmetrical 
single motor 
drive 
Carrier 
Based 
O.SVix-
0.25 K;, 
0.5 V„. 
OfTset 
addition 
0.5257 P'/H-
0.335 V,x-
0.52 F,.. 
Harmonic 
Injection 
0.5257 K,H 5'" 
harmonic 
injection 
0.26with 5'" 
harmonic 
injection(?50 
Hz) 
0.5176 FM 
Six-phase asymmetrical series connected two motor 
(a) Scheme I 
(b) Scheme 2 
Seven-phase 
single motor drive 
Seven-phase 
series connected 
three motor drive 
Nine-phase single 
motor drive 
0.25 F,x-
0.25 F,x-
0.5 Vix-
0.167 F,v 
0.5 K,x-
0.335 K,K 
0.33 V,x-
0.515 V„-
0.228 V,K-
0.5075 Vu-
0.5128 V,r 
with 7'" 
harmonic 
0.51 with 9'" 
harmonic 
Time 
Equivalent 
0.5257 V,r 
0.33 V,x-
0.5147 Vix-
0.33 F„ 
0.33 V,x-
0.5128 Vix-
0.227 F/K 
0.5075 F,x 
Space 
Vector 
0.5257 
— 
0.513 V,x-
0.51 V,x-
10.2 FUTURE WORK 
The main directions for further work in the research related to this are believed to be: 
• Further investigation into the five-phase two-motor drive with regard to specific 
winder applications and a comparison with the existing three-phase system is another 
direction for further research. 
• Fault tolerance ability of the proposed multi-motor drives should be further 
considered with regard to loss of one or more inverter phases. 
• Total efficiency of the multi-phase multi-motor drive compared to the equivalent 
three-phase multi-motor drive (including inverter losses) requires investigation in order to 
establish the practicality of the proposed system. 
• Investigation into the amount of machine de-rating required due to the heating 
effects of increased stator losses related to the flow of x-y currents. This need to be done 
for certain types of applications, such as for example the one in winders. 
• Multi-phase machines are highly unlikely to have an n>mf distribution which is very 
close to sinusoidal. Hence an investigation of theoretical/simulation nature should be 
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conducted, which would be based on enhanced machine models that account for at least 
some of the special harmonics of the mmf. Such a study should be conducted for the 
five-phase and six-phase two-motor drive systems, since these hold the best prospect for 
industrial applications. 
• Experimental investigation into the use of Al techniques for PWM controls for 
multi-phase VSI for multi-motor drive systems. 
• To investigate new control approaches such as Model Predictive Control and 
Synchronous optimal switching strategies for multi-phase VSI supplying multi-motor 
drive systems. 
• To investigate the operation for very low speed application and develop appropriate 
control strategies for multi-phase VSI supplying multi-motor drive systems. 
• To investigate the operation for very high speed operation (field weakening) and 
develop appropriate control strategies for multi-phase VSI supplying multi-motor drive 
systems. 
• To investigate the Discontinuous SVPWM and their effects on the drive behaviour 
for multi-phase multi-motor drives systems. 
• To investigate the multi dimensional SVPWM application to multi-phase multi-
motor drive systems. 
• Multi-level inverters are considered for high power applications and thus their exist 
scope for investigation for multi-phase system for such applications. 
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